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ABSTRACT
In this study, various poly[styrene-co-(maleic anhydride)] copolymers (50/50,
75/25, 86/14, and 92/8) were modified with the 4-nitroaniline and 4-phenylazoaniline
dyes. A synthesis, collection, and purification procedure was developed, and the
resulting modified polymers were characterized primarily using elemental analysis,
Fourier Transform Infrared analysis (FT-IR), Thermogravimetric Analysis (TGA),
and Differential Scanning Calorimetry (DSC).
Elemental analysis allowed percent incorporation results to be determined for
each copolymer-dye synthesis. Percent incorporation was approximately 70% for the
50/50 copolymers, and 55% for the 75/25 copolymers, with no significant difference
between the 4-nitroaniline and the 4-phenylazoaniline modified copolymers. For the
86/14 and 92/8 modified copolymers, however, there was a very noticeable difference
in the percent incorporation corresponding to the different dyes: the 86/14 4-
phenylazoaniline modified copolymer yielded an 8.3% incorporation, while the 86/14
4-nitroaniline modified copolymer showed a 4.9% incorporation. Similarly, the 92/8
4-phenylazoaniline modified copolymer had a percent incorporation of 11%, while
the 92/8 4-nitroaniline modified copolymer showed a percent incorporation of 7.4%.
FT-IR results confirmed these numbers qualitatively.
TGA was utilized to compare the thermal stability of the copolymers before
and after modification. These results demonstrate that the 50/50 and 75/25 modified
copolymers degrade differently than the original unmodified species. Each of these
modified copolymers exhibits two distinct decomposition steps, while the original
copolymers exhibit single decomposition temperatures (Td) of approximately
350 C.
Also, the thermal stability of eachmodified copolymer (total of eight) was noticeably
lowered in each sample. The lowering ofTd ranged from approximately a
100 C
change for the 50/50 copolymers, to only a
15 C change for the 86/14 copolymers.
DSC was employed to compare changes in the glass transition temperature
(Tg) between the modified and unmodified copolymers. Drastic changes in Tg were
observed for the 50/50 and 75/25 modified copolymers, while negligible changes in
Tg were seen for the 86/14 and 92/8 samples. The pure 50/50 copolymer exhibited a
Tg at
165
C, the 50/50 4-phenylazoaniline modified copolymer's Tg was at
100
C,
while the 50/50 4-nitroaniline modified copolymer demonstrated dual Tg's at
120 C
and
170 C. The pure 75/25 showed a Tg at
135 C , the 75/25 4-phenylazoaniline
modified copolymer exhibited its Tg at
100
C, while the 75/25 4-nitroaniline
modified copolymer demonstrated dual Tg's at 1
15 C and
170 C. The Tg's for all of
the 86/14 copolymers hovered around
138 C. Likewise, all of the 92/8 copolymers
showed their Tg's at approximately
122 C. Dual Tg's indicate that two distinct
regions are present in the copolymer.
These copolymers were developed to be used in phase separation studies using
fluorescence spectroscopy. Fluorescence studies were performed on the 50/50 and
92/8 modified copolymers to determine each modified copolymer's quenching
ability. This was done using a
10"2
M polystyrene solution as the standard emission
signal. Initial fluorescence results indicate that both the 50/50 and 92/8 modified
copolymers behave as excellent quenching species, with the 4-phenylazoaniline
modified copolymers quenching to a greater degree than the 4-nitroaniline modified
species. In conclusion, the 86/14 and 92/8 modified copolymers are the most
promising for future phase separation studies, offering good fluorescence sensitivity
with a minimal change ofpolymer properties after modification.
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INTRODUCTION
Recently, there has been an increasing push in polymer research to better
understand the processes through which two polymers phase separate, as well as the
processes throughwhich a solvent and an immiscible polymer phase separate. Several
properties ofpolymers, including their highmolecular weights, long chain lengths,
chain configuration and conformation, affect the behavior of a polymer in ways that
are not fully understood. Indeed, the mechanism by which polymers phase separate
deviates considerably from the manner in which analogous small molecules phase
separate.
There are currently several techniques being used by chemists to study the
interactions that occur between two dissimilar polymers or between a polymer and a
non-solvent. Differential Scanning Calorimetry has been used for the construction of
phase diagrams for polymer/diluent systems by several groups.
' ' This technique
has also successfully demonstrated polymer-polymermiscibility for nitrile rubber
-
PVC,4
polyvinyl methyl and poly(vinylidene
fluoride)-
poly(methyl Similarly, dynamic mechanical analysis has been used to
determine the polymer-polymermiscibility for many polymer blends, including
poly(vinylidene fluoride) and poly(methyl methacrylate).
A phase contrast technique has been developed by Petermann et
al8
to study
the morphology ofpolymers using electron microscopy. Likewise, a phase contrast
technique that utilizes optical microscopy has been used by
Goldstein.9
Unfortunately, inherent in these techniques, and the techniques discussed above, are
tedious sample preparation, complicated background signals, poor reproducibility of
results, and long time scales necessary to observe phase separation. Furthermore,
these techniques are limited by their inability to analyze phase separation as it occurs
from the onset. Due to the relatively long intervals needed for these methods to gather
data, phase separations are monitored in their later stages.
A comparatively newmethod to study phase separation, the fluorescence
spectroscopy technique, involves using the characteristic fluorescence signal of a dye-
tagged copolymer to track the phase separation behavior of a specific system. The
fluorescence technique is superior to the previously mentioned approaches because
studies can be performed in very short time scales with excellent reproducibility of
results, while complicated background signals are avoided. Also, because of the speed
of analysis, phase separation can be viewed as it takes place in the very early stages.
There has been relatively little research performed involving the grafting of
fluorescence dyes onto a poly[styrene-co-(maleic anhydride)] backbone. Some work
has focused on copolymerizing styrene andmaleimide monomers, but this
technique varies considerably from grafting (modifying) onto the backbone of a
polymer chain. Modifying is preferred when preparing poly[styrene-co-maleimides]
because of the difficulty in isolating the product of the polymerization reaction, as
shown by Chen. In this thesis, a protocol for the modification and recovery of
modified poly[styrene-co-maleic anhydride] copolymers will be developed, and the
resulting samples will be extensively characterized.
Although fluorescence studies have been performed with poly[styrene-co-
(maleic anhydride)],12a fluorescence study of the quenching ability of this modified
copolymer is not covered in the literature. Eisenbach et al13have studied the
absorption and emission of fluorescent dye molecules in different matrices varying
from the bulk polymer to highly diluted solutions, and over a broad range of
temperatures. The fluorescent probes used in their study were stillbene derivatives
with push-pull substituents, and these probes were either covalently bonded to the
polymer or simply dissolved in the medium. Polyacrylates and polymethacrylates
were the polymers under investigation. The group found that the fluorescence
behavior ofboth systems were dependent on the dynamics, polarity, and viscosity of
the environment of the probes. Zeng and Shirota have used fluorescence
spectroscopy for characterization, characterizing the microstructures ofpoly[styrene-
co-(maleic anhydride)], poly[styrene-co-(acrylonitrile)] and poly[styrene-co-(methyl
methacrylate)] copolymers.
Phosphorescence, which is similar to the phenomena of fluorescence, has also
been used in the study ofpolymers. Gebert et
al15
studied the diffusion-limited
interactions between benzil- and anthracene-labeled polystyrene by phosphorescence
quenching in polystyrene-toluene solutions. Similarly, Horie andMita have
successfully used phosphorescence quenching to study diffusion-limited interactions
in several polymer systems. The interactions they focused on include small molecule-
small
molecule,16
polymer-small
molecule,17'18 ,19 '20
and
polymer-polymer.18'19' 20'
21 22 9^' More recently, Gebert and Torkelson have used similar approaches to
investigate polymer-polymer interactions in related systems.
Poly[styrene-co-(maleic anhydride)] is the copolymer investigated in this
study. It was chosen for several reasons: 1) polystyrene is a commercially important
polymer, 2) it is a fairly inexpensive copolymer, 3) the copolymer is commercially
available in various percentages of styrene/maleic anhydride groups, and 4), the
chemistry to modify the maleic anhydride groups with primary amines has already
been developed. The two dyes chosen for this study, 4-nitroaniline and 4-
phenylazoaniline, were chosen because they are fluorescent amines that have
contrasting characteristics and properties.
This study has fourmain goals: 1) to design an easily reproducible, efficient
synthesis procedure formodifying various poly[styrene-co-(maleic anhydride)]
copolymers, 2) collection and purification of the poly[styrene-co-maleimides] in high
yield, 3) characterization of the poly[styrene-co-maleimides], and 4), observation and
interpretation of the fluorescence behavior of the modified copolymers. The collective
goal of this study is to determine which modified copolymer is best suited for use in
future phase separation studies. Ideally, the modified copolymer will have a
significant percentage ofdye incorporation, while maintaining polystyrene-like
characteristics.
Several types of characterization techniques are used to characterize these
types of copolymers. Many of these methods were employed to determine the success
of the modification procedure, as well as to determine how each copolymer, and its
properties, were altered due to modification. Again, a minimal change in properties
was desired. Elemental analysis, Fourier Transform Infrared Analysis (FT-IR),
Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC),
polarized light microscopy, proton Nuclear Magnetic Resonance (NMR), and UV-Vis
spectrometry are the techniques that were utilized for analysis.
Elemental analysis was used to quantitatively determine the success of each
modification, that is, to determine the mole percentage ofdye incorporated. FT-IR
was used as a qualitative device, supporting elemental analysis results while initially
confirming that imidization had taken place. The modified copolymers were expected
to exhibit an imide asymmetric stretch between 1700 and 1720 and an imide
symmetric stretch between 1750 and 1790 . The absence of any peaks from
3 100 to 3500
cm"1
(primary amine stretch) indicates that any unreacted dye has been
successfully washed from the copolymer. NMRwas also used to confirm elemental
analysis results.
TGA was the method used to determine the thermal stability of the modified
copolymer, while DSC was used to compare their glass transition temperatures (Tg).
In a study of the synthesis ofpoly[styrene-co-(N-maleimide)] by Groeninckx and
25
Vermeesch, the Tg of the imidized copolymer increased a significant 20 C,
reflecting a 21.5 mol % substitution ofmaleic anhydride by maleimide groups. The
increases in Tg were explained predominantly on the basis ofhydrogen bonding
between the maleimide groups. Along this basis, similar increases are expected to be
observed for the 4-nitroaniline modified copolymers in this study. In contrast,
decreases in Tg are anticipated for the 4-phenylazoaniline modified copolymers, due
to a decrease in the amount ofhydrogen bonding in these samples.
There are several factors that influence the glass transition temperatures (Tg)
ofpolymers. Tg is mostly a function of rotational freedom, and whatever restricts
rotationwill therefore increase Tg. There are five main factors to consider when
dealing with Tg. First, the free volume of the polymer, which is the volume of the
polymer not actually occupied by the molecules themselves, has a major influence.
The larger the free volume, the more room a polymer has to vibrate and rotate, and
this lowers its Tg. Second, the attractive forces between the molecules play a
significant role in determining Tg. The more tightly bound a species is, the more
thermal energy it takes to get it to move, and the higher the Tg. Third, the internal
mobility of the chains, or their freedom to rotate around bonds, affects Tg. This factor
is directly related to the free volume of the polymer. The bulkier the substituents on
the polymer backbone, the less will be the rotational freedom, and the higher the Tg
will be. Fourth, the stiffness of the chains contributes to the Tg value. Chains that
have difficulty coiling and folding will have higher Tg's, and therefor chemical
conformation has amajor influence on glass transition temperatures (polymers with
highly aromatic backbones have extremely stiff chains and high Tg's). Fifth, the
molecular weight of a polymer, which is directly related to chain length, can affect the
Tg: the higher the molecular weight of a polymer, the fewer chain ends will be
present, and this leads to a lower freevolume.27Polystyrene's Tg, for example,
increases from 40 C at an average Mn of 3,000, to about 100 C at an average Mn
9Q
of 300,000. Finally, polarity can also have a small affect on Tg: more polar groups
lead to higher Tg's because of increased dipole-dipole interactions.
Finally, polarized light microscopy was used to further investigate the
crystallinity of certain samples, and UV-Vis analysis was used to aid in interpreting
9R
fluorescence data. Marquez et al revealed that polymers containing strongly
absorbing dyes, as well as polymers containing weakly absorbing groups, deviate
from the Beer-Lambert law noticeably. Band shifts, solvent effects, and hypochromic
effects have been observed as functions of the composition and structure of the
polymer chains. These deviations have been correlated with the sequence length,
tacticity, and conformation of the polymer in solution. Marquez and associates report
lambdamax for the fluorophore in this study, polystyrene, (M.W. from 517 to
8,420,000 g/mol) to be at 268
Luminescence is most commonly defined as the radiation emitted by a
molecule or an atom after it has absorbed energy that has placed it in an excited
30
state. In an analytical context, luminescence consists of two distinct phenomena:
fluorescence and phosphorescence. Fluorescence and phosphorescence are both
processes in which radiation is emitted by molecules or atoms that have been excited
by the absorption of radiation. However, the rigorous difference between the two
phenomena is the nature of the states between which emissionoccurs.31Electronic
states oforganic molecules may be grouped into two discrete categories: singlet states
and triplet states. A state in which all electrons in the molecule have their spins
paired, with a one to one correspondence between up and down spins, is referred to as
a singlet state. Triplet states are those in which one set of electron spins have become
unpaired, with all electrons in the molecule except two having paired spins. In other
words, in a triplet state, there is an excess ofparallel spins. The nomenclature singlet
and triplet originates from multiplicity considerations of atomic
spectroscopy.30
If the
electronic states from which the emission originates and terminates have the same
multiplicity, the emission is termed fluorescence. This process most commonly
occurs as a singlet to singlet transition (Figure 1). If the states from which the
emission originates and terminates differ in spin, and therefore differ in multiplicity,
the emission is known as phosphorescence. A phosphorescence process usually
occurs from the lowest excited triplet state to the ground state singlet (Figure 1).
Because highly probable transitions only occur when the change in the spin state is
zero, phosphorescence emissions have relatively long lifetimes
(10"
to 10 seconds),
7 10
while fluorescence emissions have relatively short lifetimes
(10"
to
10"
seconds).
Figure 1
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This investigation deals only with the fluorescence properties ofmodified
poly[styrene-co-(maleic anhydride)], phosphorescence studies were not performed.
The energy of a photon (E = hc/X, where E is energy, h is Planck's constant, c
is the speed of light, and X is the wavelength) required to produce any type of excited
state is the difference in energy between the excited state of the molecule and the
ground state. It is recognized that a range of excitation wavelengths can promote a
transition between any two electronic states. Taking this into consideration, it is
understandable why electronic absorption spectra generally appear as broad bands,
rather than distinct, single lines.
There are a number ofvibrational states that are possible for each electronic
state, each one differing in energy. Vibrational levels appear because amolecule in
any given electronic state may absorb or release small increments of energy
corresponding to transitions between vibrational modes, while maintaining its
electronic state. Obviously, the lowest energy photon that can cause a given
absorption is that corresponding to the energy difference between the zeroeth
vibrational levels of the two states involved. It can be assumed that all molecules are
in their lowest vibrational level of the ground state in a solution at room temperature.
Therefore, absorption occurs from the zeroeth vibrational level of the ground state to
various vibrational levels of the excited state. The energy separation between two
electronic states is generally taken as the difference between the zeroeth vibrational
levels of the two states, rather than the absorbance band maximum, which usually
11
correspond to the excitation to a higher vibrational level of the excited state. In this
way, fluorescence measurements of the same species are consistent with each other
and can be readily compared (signals originating from a certain excitation wavelength
are always a result of the same energy level transitions).
The fluorescence phenomena arises from n, n* and n, n* states of aromatics,
heterocyclics, and aromatic carbonyls. These excited states are produced by the
promotion of an electron from its highest occupiedmolecular orbital to its the lowest
unoccupied molecular orbital. A n -#*transition involves the promotion of a n
electron into an excited state, while an n -^n*transition involves the promotion of a
non-bonded electron, for example an electron from a nitrogen lone pair, to a n* level.
A fluorescent probe, in the context of this thesis, is a dye that, when excited by the
absorption of a photon, may eventually emit the energy in the form of a fluorescence
signal at a characteristic wavelength.
Actual time for photon absorption, that is, the time required for a molecule to
go from one electronic state to another, is approximately
10"
seconds. According to
the Franck-Condon this is relatively short when compared to the time
required for nuclear motion. This means that it can be assumed that immediately after
excitation, a molecule will have the same environment and the same geometry as it
had in the ground state. Once amolecule is promoted to an excited state, one of two
things can occur: the molecule can emit the absorbed photon from the vibrational
level to which it was initially excited, or it can undergo changes in vibrational levels
12
prior to radiation emission. Which of these processes occurs depends on the
environment of the molecule. For an isolated molecule in the gas phase, photon
emission from higher vibrational levels of excited states is more probable then the
corresponding process ofundergoing vibrational relaxations and then emitting the
photon. However, for amolecule in solution, thermal relaxation of a vibrationally
excited molecule is quite rapid, via the transfer of excess vibrational energy from the
solute molecule to the solvent.30Indeed, this process is so efficient, occurring in
10"13
to
10'
seconds, that all of the excess vibrational energy of the excited state is lost by
thermal relaxation. This reiterates what was previously noted, that before an excited
molecule in solution can emit a photon, it must undergo vibrational relaxation.
Consequently, photon emission always occurs from the lowest vibrational level of an
excited state.
It should be emphasized that a molecule in an exited state is very unstable, and
prefers to rid itselfof its excess energy as quickly as possible. After undergoing its
vibrational relaxations in the excited state, the electron will return to its ground state
via photon emission. Due to the thermal relaxations discussed above, the amount of
energy emitted by the molecule, upon its return to the ground state, is not equal to the
amount of energy initially absorbed by the molecule. Recall that through vibrational
relaxations, the molecule was able to shed
13
lower than the initial amount of energy that was needed to excite the molecule. This
causes the wavelength of the light emitted to be larger than the wavelength of the
light needed to excite the electron. This shift of the fluorescence spectrum to longer
wavelengths, relative to the absorption spectrum, is known as a Stokes
shift.30
In contrast to the occurrence of a Stokes shift, a
species'fluorescence signal
may be effectively quenched by a quencher molecule. The quenching of a
fluorescence signal is defined as any process that results in a decrease of the true
fluorescence efficiency ofa molecule. Quenching processes divert the absorbed
energy into channels other than fluorescence. As previously stated, all fluorescing
species, or fluorophores, emit a characteristic fluorescence signal when excited. A
quenching species is defined as any molecule or atom that is able to interrupt the
characteristic fluorescence of amolecule.
There is a distinct difference between radiative energy transfers and non-
radiative energy transfers that occur within an excited molecule. The transfer of
singlet excitation energy from one molecule to another can be illustrated by the
following mechanism:
!F*
-> F + hv
Q + hv-> lQ*
14
The excited fluorophore, 'f*, can transfer energy to a ground state molecule of
another species, Q, by the fluorescence of JF* followed by the absorption of the
emitted photon by Q. Because this process involves emission and re-absorption of
radiant energy, it is commonly called radiative energy
transfer.32
Most important energy transfer processes in liquid solution, however, do not
involve emission and re-absorption ofphotons. Rather, they proceed with no
observable intermediate photon emission or absorption. Consequently, these
processes are known as non-radiative transfermechanisms.32
Pertaining to this thesis, there are three types ofprocesses that can compete
with the fluorescence process: internal conversion, intersystem crossing, and
radiationless transfer to an appropriate acceptor. An internal conversion is a
radiationless process whereby molecules in an excited singlet state may return to the
ground state without the emission of a photon, converting all of the excitation energy
into heat. Generally, internal conversion between an excited singlet state and the
ground state is an inefficient process and probably accounts for only a small fraction
of the quenching in most molecules. However, internal conversion has been observed
in molecules excited to a high singlet state, whereby the molecule sheds energy by
lowering itself to its lowest excited singlet state. Consequently, the following rule
applies: a molecule may be considered to undergo internal conversion to its lowest
vibrational level of its lowest excited singlet state in a time that is short, relative to
photon emission, regardless of the singlet state to which it was initially
excited.30
This
15
rule is important when analyzing the fluorescence characteristics of a molecule. It
implies that the behavior ofamolecule after excitation depends on the nature of its
lowest excited singlet state, rather than the nature of the excited state that it was
initially promoted to.
Intersystem crossing involves populating a triplet state of a molecule from the
lowest excited singlet state of that molecule (Figure 1). Intersystem crossing can
compete with the fluorescence emission from the zeroeth vibrational level of the
excited state, but it cannot interfere with the vibrational deactivation of any other
vibrational level of a singlet excited state. Obviously, with more intersystem crossing
taking place in a system, less fluorescence signal will be observed (de-excitation of a
triplet state usually occurs radiatively as phosphorescence).
Radiationless energy transfer from one species to anothermay occur by both
"collisional"
mechanisms and
"noncollisional"
mechanisms. Collisional quenching is
a bimolecular process that depends upon contact between an excited molecule and the
quencher. Noncollisional energy transfers are true, non-radiative transfer processes
that occur over larger distances than contact distances. Noncollisional energy transfers
are not germane to this thesis and will not be discussed.
Collisional quenching is a diffusion-controlled process requiring the lifetime
of an excited state be more than
10"9
seconds. Its mechanism may be written in the
following way:
16
F + hv -> F*
F*
-> F +W
F* +Q->F + Q
Where the fluorescentmolecule F absorbs a photon to give F*, the lowest vibrational
energy level of the lowest excited singlet state. F* can either emit a photon, hv\ and
return to its ground state, or it can interact with a quenchermolecule, Q, thereupon
surrendering its excitation energy and returning to the ground state without
Of)
fluorescence emission. The latter type of transfer can only take place if the two
molecules approach each other so closely that they may be considered to be in
molecular contact, with their centers separated by the sum of their molecular radii.
The rates of these types of transfers are limited by the diffusion ofmolecules in
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solution and should decrease as one goes from a fluid to a viscous media. The
emission signal resulting from this mechanism is described by the Stern-Volmer law:
{f0/J)-l=kCQ
WhereX is the fluorescence intensity in the absence of the quencher,/is the
fluorescence intensity at concentration CQ of the quencher, and k is the proportionality
If such a Stern-Volmer plot is found experimentally, a mechanism where
bimolecular quenching process dominate is occuring.
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There are three mechanisms by which collisional loss of excitation energy
may occur: by electron transfer, by energy transfer (either intermolecular or
intramolecular), or by other non-radiative processes. The concept of quenching via an
electron transfer can be summarized by the following sequence of reactions:
F* + Q ->
F"
.
Q+
-> Fsolv + Q+soIv
3F + Q F + Q
F*, the excited fluorescentmolecule, reacts with the quencher, Q, abstracting an
electron from it to form the ion pair
F"
Q+. This ion pair then dissociates to give
either a triplet state, F, and a quencher, or simply a ground state and a quencher.
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Either process has excitation energy dissipated thermally. This process also may
occur when a quenching molecule accepts an electron, in which case the fluorescent
molecule becomes the cation.
Bimolecular quenching (energy transfer) mechanisms involve both
intermolecular and intramolecular processes. However, because the species of interest
to this project are polymers, and because of the physical characteristics ofpolymers,
these two processes may be considered equivalent. When an excited molecule and a
quencher molecule are close enough for overlap of their electron clouds, bimolecular
quenching is probable. In the region of overlap of the two clouds, the electrons are
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indistinguishable so that an excited electron from the excitedmolecule may appear on
the quenching molecule. In this way, an exchange mechanism for energy transfer
operates.
In the absence of irreversible photochemical reactions, internal conversion and
intersystem crossing are the main processes which prevent the total emission yield
from being unity. The enhancement of intersystem crossing by a quencher is a very
efficient process, with external perturbations being more effective than internal
perturbations by the quencher. Understandably, when intersystem crossing becomes a
more dominant form of energy dissipation, fluorescence signals decrease
significantly. This is because energy that was being given off in a singlet to singlet
transition is now being given offby a triplet to singlet transition, which no longer
falls in the realm of fluorescence.
The value of the fluorescence technique lies in the fact that the proximity of a
fluorophore and a quenching species determines what type of fluorescence signal will
be observed. When the fluorescence emission spectrum ofone species (fluorophore)
overlaps, in wavelength, the ultraviolet absorption spectrum of another species
(quencher), and the two are within 6
A0
of each other, non-radiative energy transfer
may occur between the two species. The fluorophore may then be quenched to an
appreciable degree, while the quenching species becomes electronically excited and
may subsequently fluoresce. In other words, when a fluorophore is within 6 nm of a
quenching species, the
fluorophore'
s characteristic fluorescence signal will no longer
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be detected. When the two species are greater than 6 A0 apart from each other, two
distinct fluorescence signals will be observed. It can immediately be seen how these
modified copolymers can be a powerful tool for studying phase separation
interactions: one polymer can be tagged with a fluorophore, while another can be
tagged with a quenching species. The two polymers are then brought together in some
type of solvent system. The fluorescence data gathered from this marriage will then
tell the story of the phase separation interactions that follow.
Many factors contribute to the type of fluorescence signal that will be
generated from a polymer species. The type of solvent, as well as solvent viscosity,
are very important variables in fiuorometric analysis. The choice of a solvent should
take several factors into account: obviously, the solvent should completely dissolve
all solutes under study, it should not absorb or fluoresce in the frequency range of
interest, and solvent-solute pairs that exhibit pronounced hydrogen bonding
tendencies should be avoided. Solvents which tend to decompose, no matter how
slightly, upon aging are best avoided. Clearly, the presence of trace impurities, from
any source, can lead to anomalous results, as well. With respect to solvent viscosity,
fluorescence intensity often increases with an increase in solvent viscosity, which is
attributed to collisional factors. In amore viscous solution there will be fewer
collisions, and this decreases the number ofmolecules whose excitation energy is
degraded before emission can occur.
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When quantitatively dealing with fluorescence analysis, calibration curves,
which are plots of fluorescence intensity versus concentration, are commonly
employed. These calibration curves are usually linear in the range from
10"4
to
10"6 M.
However, at higher concentrations, the fluorescence signal often goes through a
maximum and then decreases quite rapidly. This phenomenon, which is expected to
be observed in this study, is called "concentrationquenching."34
Fluorescence studies ofpolystyrene have shown that a new emission band
appears as the concentration of the solution is increased, with the new emission band
being more prominent in the isotacticpolymer.35This emission band has been
attributed to emission from an association complex of an electronically excited
aromatic molecule with a similar molecule in the ground state; this is called an
36 1 9"excimer." David et al concluded that excimer formation must be due to the
interactions ofnext-to-nearest neighbors. It was previously assumed that a chain had
to undergo a conformational transition during the lifetime of its excited state to bring
the two interacting chromophores into the proper juxtaposition for excimer formation.
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However, Heisel and Laurastriat studied the dependence ofnormal and excimer
fluorescence from polystyrene solutions containing varying concentrations of carbon
tetrachloride, a fluorescence quencher, and found otherwise. They concluded that
some excimer formation is independent of the presence of the quencher, so that it
must take place with extreme rapidity upon excitation of the chromophore,
presumably without the need ofa conformational change. Fluorescence excimer
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emission from polystyrene will be expected to occur around 335 nm in this study, the
region characteristic of such a signal as reported by Wang and
Morawetz.36
Labeled polymers fall into one of two classes. A class one labeled polymer
includes those polymers in which isolated fluorescing species are attached to the
polymer as an end group or side constituent. Class two polymers include those
polymers whose fluorescing species are actually a part of the repeat unit of the
polymer. This thesis deals with both classes, in that the modified copolymers that are
being synthesized are considered class one quenchers, while the fluorophore under
study is polystyrene, a class two polymer.
Chromophore mobility, and therefore the efficiency of fluorophores and
quenchers, is strongly influenced by chain dynamics, as well as inter- and intrachain
reactions. Interactions also depend on polymer configuration, which in turn depend on
the type ofrepeat unit, chain length, average molecular weight, concentration,
temperature and solvent. Generally, the efficiency of luminescence increases greatly
with the rigidity ofmolecular
structure.28Vibrational dissipation of electronic energy
is considerably more difficult in a rigid structure. Steric hindrance of rings or
substituents decrease fluorescence intensity due to internal dissipation of excitation
energy by steric crowding! It has also been noted thatmany of the most intensely
fluorescent species are co-planer, and this is presumably because co-planarity is
considered to be a requirement for effective 77-electron derealization. Finally,
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fluorescence maxima for polymers often decrease, both in frequency and intensity, as
37
the molecular weight of the polymer is increased.
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EXPERIMENTAT
PART I: SYNTHESTS
The experiments for this study were performed on four different copolymer
samples: 50/50 poly[styrene-co-(maleic anhydride)] (M.W. 1,500 g/mol*) , 75/25
poly[styrene-co-(maleic anhydride)] (M.W. 1,500 g/mol*), 86/14 poly[styrene-co-
(maleic anhydride)] (M.W. 150,000 g/mol*), and 92/8 poly[styrene-co-(maleic
anhydride)] (M.W. 150,000 g/mol ). These copolymers were obtained from the
Monomer-Polymer and Dajac Laboratories, Inc., Feasterville, PA. The UV-visible
active dyes that were used to modify the polymers, 4-nitroaniline (99+ %, b.p. of
260
C, m.p. from
149 C to 151 C ) and 4-phenylazoaniline (98%, b.p. >
360
C, m.p.
from 123 C to
126
C) were both obtained from the Aldrich Chemical Company,
Inc., Milwaukee, Wisconsin. Each reaction was carried out in HPLC/UV grade
tetrahydrofuran (THF) from the J.T. Baker Company, Phillipsburg, NJ.
A total of eight different copolymers were synthesized: each of the four
copolymers being modified with each of the two dyes. Each reaction was devised so
that 1.0 x
10"2
moles of anhydride groups (based on the nominal percentages reported
*
Based on manufacturer specifications
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by the manufacturer of the copolymers) would react with 1.0 x 10"2 moles ofdye. The
corresponding masses of each reactant have been calculated, and these calculations
can be found in Appendix I.
It was found that anhydrous conditions needed to be maintained throughout
each synthesis, and measures were taken to meet these ends. However, due to the
difficulty ofdrying the reactants (the dyes and the copolymers) and storing them in an
inert atmosphere, the starting materials were not dried before synthesis. Rather, the
reactants were combined in the reaction vessel, along with a small stirring bar, and
purged with nitrogen for at least fifteenminutes before each synthesis. All water was
removed from the reaction solvent, THF, using a specially designed still (see Figure
2).
The procedure for distillation was as follows: to a 1000 ml three-necked
round-bottom flask, approximately 800 mis ofTHF was added along with
approximately 2 grams ofbenzophenone (J.T. Baker). The benzophenone was used as
an indicator: it shifts the color of the solution from yellow when water is present, to
blue in the absence ofwater. Sodium metal was then added to the solution in small
shavings. Using a soft-shelled heatingmantle, the mixture was heated to boiling.
When the solution turned a dark blue color, the THF was assumed purified and ready
for use. At this point the purified THF was collected in a reservoir (Figure 2) using a
cold water condenser.
Figure 2
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The reaction vessel for each synthesis was a three-necked, 250 ml round-
bottom flask. The first neck housed the glass tubing that connects the reaction vessel
with the THF still. The middle neck was fitted with a 1 5 inch condenser tube, and the
final neck was utilized as the nitrogen inlet. A soft shelled heating mantle was used as
the heating source. After the reactants had been purged with nitrogen for fifteen
minutes, approximately 150 mis ofpurified THF was introduced to the reaction
chamber. The reactants dissolved within approximately thirty minutes. The solution
was brought to a boil, with stirring, at about
67 C and refluxed for twenty four hours
under a constant flow ofnitrogen gas (approximately 20 mls/min). The overall
solution volume in the reaction vessel was kept constant at approximately 150 mis by
the periodical addition ofpurified THF. The purpose of this twenty four hour reaction
was to convert the maleic anhydride groups of the copolymer to amide acid groups
(see mechanism in Figure 3a and 3b). The reaction solution was either light yellow in
color (when reacting with the 4-nitroaniline dye) or rusty red in color (when reacting
with the 4-phenylazoaniline dye) after the first twenty four hours.
Following the first twenty four hours, 2.0 mis (2.1 197 x
10"2
moles) of acetic
anhydride (J.T. Baker, Phillipsburg, NJ ) and 0.5 mis (6.182 x
10"3
moles) ofpyridine
(J.T. Baker, Phillipsburg, NJ) were added to the reaction vessel under positive
nitrogen pressure. The vessel was then sealed and the reactants refluxed for another
twenty four hours at
67 C. The volume was again kept constant at approximately 150
mis. The purpose of the second twenty-four-hour reaction is to convert the amide acid
27
Figure 3a
MECHANISM: AMIDE ACID FORMATION
POLYSTYRENE/MALEIC ANHYDRIDE 4-NITROANILINE
'
Xh*
N02
/THF80C
PROTON^
TRANSFER
Poly-[styrene-co-(N-(4-nitrophenyl) maleamide acid)]
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Figure 3fr
MECHANISM: IMIDIZATION
Poly- [styrene-co-(N-(4-nitrophenyl) maleimide)]
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groups to the final imide product. The mechanism of this ring closure is depicted in
Figures 3b. The appearance of the reaction solution at this point was identical to how
it appeared after the first twenty four hours: light yellow in color for the 4-nitroaniline
reaction, or rusty red in color for the 4-phenylazoaniline reaction.
Following the complete forty eight hour synthesis, each modified copolymer
was precipitated out of solution and purified. Procedures were developed for the
retrieval of each product by taking into account each copolymer's molecular weight
and polarity. The 50/50 and 75/25 poly[styrene-co-maleimide] copolymers were
precipitated out of solution using cold reagent grade hexanes (J.T. Baker,
Phillipsburg, NJ), while the 86/14 and 92/8 poly[styrene-co-maleimide] copolymers
were precipitated out of solution using cold reagent grade methanol (J.T. Baker,
Phillipsburg, NJ). The molecular weight differences between the four copolymers
necessitated that different procedures be employed in gathering the precipitate. These
procedures are discussed below.
After initially introducing the THF containing the dissolved copolymer to the
cold precipitating reagent in a 600 ml beaker, approximately 30 minutes was allowed
to pass before gathering the precipitate for the higher molecular weight copolymers,
92/8 and 86/14 poly[styrene-co-(maleimides)]. The resulting globular copolymers
were then placed, using forceps, on a large watch glass for initial removal of solvent.
Because of the high molecular weight, recovery was rather simple and
most of the copolymer was recovered using the forceps.
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For the lower molecular weight copolymers, the modified copolymer solution
was allowed to sit in the cold precipitating solvent for a period of twenty four hours.
This was necessary to ensure that the powder-like, modified copolymer would
completely precipitate out of solution, settle to the bottom of the beaker, and be
efficiently collected.
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50/50 polv[stvrenfi-oo-(N-r4-nitrophenvn maleimide^]
1.3826 g (1.0009 x
10"2
moles) of4-nitroaniline were added to 2.0258 g
(1.0618 x 10"2 moles*) of 50/50 poly[styrene-co-(maleic anhydride)]. The resulting
modified copolymer was then precipitated out of solution in 350 mis of cold reagent
grade hexanes. The precipitate was allowed to gather at the bottom of the beaker for
approximately twenty four hours. The precipitate was collected using suction
filtration: both the supernatant and the precipitate were passed through a buchner
funnel fitted with Whatman number 42 ashless filter paper. The light yellow
precipitate was thoroughly dried by vacuum filtration before being transferred to a
vacuum oven. The modified copolymerwas then dried under vacuum for forty eight
hours at approximately
90 C. The result was a light yellow powder that exhibited
strong electrostatic properties.
50/50 po1y[styrene-co-(N-(4-phenylazophenyl) maleimide^]
2.0188 g (1.0235 x
10"2
moles) of4-phenylazoaniline were added to 1.9744 g
(1.0349 x
10"2
) of 50/50 poly[styrene-co-(maleic anhydride)]. The resulting
modified copolymer was then precipitated out of solution in 350 mis of cold reagent
*
Moles with respect to anhydride groups
32
grade hexanes. The precipitate was allowed to gather at the bottom of the beaker for
approximately twenty four hours. The precipitate was collected using suction
filtration: both the supernatant and the precipitate were passed through a biichner
funnel fitted with Whatman number 42 ashless filter paper. The rusty red precipitate
was thoroughly dried by vacuum filtration before being transferred to a vacuum
The modified copolymer was then dried under vacuum for forty eight hours at
approximately
90 C. The result was a rusty red powder that exhibited strong
electrostatic properties.
oven.
75/25 poly[styrene-co-flsr-f4-nitrophenyD maleimide)]
1.3782 g (9.9776 x
10"3
moles) of4-nitroaniline were added to 4.1058 g
(1.2815 x
10"
moles ) of 75/25 poly[styrene-co-(maleic anhydride)]. The resulting
modified copolymer was then precipitated out of solution in 350 mis of cold reagent
grade hexanes. The precipitate was allowed to gather at the bottom of the beaker for
approximately twenty four hours. The precipitate was collected using suction
filtration: both the supernatant and the precipitate were passed through a biichner
funnel fitted withWhatman number 42 ashless filter paper. The light yellow
precipitate was thoroughly dried by vacuum filtration before being transferred to a
*
Moles with respect to anhydride groups
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vacuum oven. The modified copolymer was then dried under vacuum for forty eight
hours at approximately
90
C. The result was a light yellow powder that exhibited
electrostatic properties.
75/25 polv[styrene-co-(N-(4-phenylazophenyl) maleimide)]
1.9721 g (9.9985 x
10"3
moles) of4-phenylazoaniline were added to 4.1007 g
(1.2799 x
10"
moles ) of 75/25 poly[styrene-co-(maleic anhydride)]. The resulting
modified copolymer was then precipitated out of solution in 350 mis of cold reagent
grade hexanes. The precipitate was allowed to gather at the bottom of the beaker for
approximately twenty four hours. The precipitate was collected using suction
filtration: both the supernatant and the precipitate were passed through a biichner
funnel fitted withWhatman number 42 ashless filter paper. The rusty red precipitate
was thoroughly dried by vacuum filtration before being transferred to a vacuum oven.
The modified copolymer was then dried under vacuum for forty eight hours at
approximately
90 C. The result was a rusty red powder that exhibited electrostatic
properties.
*
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86/14 poly[styrene-co-(N-f4-nitrophenyl) maleimide)]
1.3779 g (9.9754 x
10"3
moles) of4-nitroaniline were added to 7.3639 g
(9.9655 x
10"
moles ) of 86/14 poly[styrene-co-(maleic anhydride)]. The modified
copolymer was precipitated in 350 mis of cold reagent grade methanol. The
precipitate was re-dissolved in 125 mis ofHPLC/UV grade THF. The light yellow,
soft, rubbery modified copolymer was then re-precipitated in 325 mis of cold reagent
grade methanol. The modified copolymer was dried in a vacuum oven for forty eight
hours at approximately
90 C. The result was a light yellow, glassy, very hard and
somewhat brittle cake.
86/14 polv[stvrene-co-rN-r4-phenvla7.nphenvn maleimidell
1.9688 g (9.9817 x
10"3
moles) of4-phenylazoaniline were added to 7.3681 g
(9.9706 x
10"3
moles*) of 86/14 poly[styrene-co-(maleic anhydride)].
The modified
copolymer was precipitated in 350 mis of cold reagent grade methanol. The
precipitate was re-dissolved in 125 mis ofHPLC/UV grade THF. The modified
copolymer was then re-precipitated in 325 mis of cold reagent grade methanol.
The
rusty red, soft, rubbery modified
copolymer was dried in a vacuum oven for forty
Moles with respect to anhydride groups
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eight hours at approximately
90 C. The result was a rusty red, glassy, very hard and
somewhat brittle cake.
92/8 poly[styrene-co-(N-(4-nitrophenyl) maleimide)]
1.3847 g (1.0025 x
10"2
moles) of4-nitroaniline were added to 12.9397 g
(8.7326 x 10"3 moles*) of 92/8 poly[styrene-co-(maleic anhydride)]. The modified
copolymer was precipitated in 400 mis of cold reagent grade methanol. The
precipitate was re-dissolved in 200 mis ofHPLC/UV grade THF. The modified
copolymer was then re-precipitated in 300 mis of cold reagent grade methanol. The
light yellow, soft, rubbery modified copolymer was dried in a vacuum oven for forty
eight hours at approximately
90 C. The result was a light yellow, glassy, very hard
and somewhat brittle cake.
*
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92/8 po1y[styrene-co-fN-f4-phenv1azophenynmaleimide^]
1.9703 g (9.9894 x
10"3
moles) of4-phenylazoaniline were added to 12.9495 g
(8.7392 x
10"
moles ) of 92/8 poly[styrene-co-(maleic anhydride)]. The modified
copolymer was precipitated in 400 mis of cold reagent grade methanol. The
precipitate was re-dissolved in 200 mis ofHPLC/UV grade THF. The modified
copolymer was then re-precipitated in 325 mis of cold reagent grade methanol. The
precipitate was washed again by dissolving it in another 200 mis ofHPLC/UV grade
THF, followed by re-precipitation in 325 mis of cold reagent grade methanol. The
rusty red, soft, rubbery modified copolymer was dried in a vacuum oven for forty
eight hours at approximately
90 C. The result was a rusty red, glassy, very hard and
somewhat brittle cake.
Abbreviated names for the copolymers are introduced in Table 1.
*
Moles with respect to anhydride groups
TABLE 1
ABBREVIATED NOMENCLATURE
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FULL NAME ABBR. NAME
50/50 poly[styrene-co-(maleic anhydride)]
75/25 poly[styrene-co-(maleic anhydride)]
86/14 poly[styrene-co-(maleic anhydride)]
92/8 poly[styrene-co-(maleic anhydride)]
50/50 poly[styrene-co-(N-(4-nitrophenyl) maleimide)]
75/25 poly[styrene-co-(N-(4-nitrophenyl) maleimide)]
86/14 poly[styrene-co-(N-(4-nitrophenyl) maleimide)]
92/8 poly[styrene-co-(N-(4-nitrophenyl) maleimide)]
50/50 poly[styrene-co-(N-(4-phenylazophenyl) maleimide)]
75/25 poly[styrene-co-(N-(4-phenylazophenyl) maleimide)]
86/14 poly[styrene-co-(N-(4-phenylazophenyl) maleimide)]
92/8 poly[styrene-co-(N-(4-phenylazophenyl) maleimide)]
Pure 50/50
Pure 75/25
Pure 86/14
Pure 92/8
50/50 4-nitro
75/25 4-nitro
86/14 4-nitro
92/8 4-nitro
50/50 4-phenyl
75/25 4-phenyl
86/14 4-phenyl
92/8 4-phenyl
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PART IT: CHARACTERIZATION
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed on all eight of the dye-
modified copolymers and the four initial poly[styrene-co-(maleic anhydride)]
copolymers. A Seiko TG/DTA 220 instrument was utilized. The modified copolymers
were each ground into small particles before analysis. Aluminum pans obtained from
Seiko Instruments (P/N 50-021) were used without covers, with sample sizes ranging
from 6 to 8 mg (see Table 2). All data was collected from
25
-
550 C at a heating
rate of
10 C per minute. The samples were purged with nitrogen for 15 minutes
before each run, and a nitrogen atmosphere was maintained throughout the analysis
(flow rate of 250 mis per minute). A sampling time of 1 .0 sec. was used to gather
data.
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TABLE 2
TGA SampleMasses
SAMPLE MASS (mg)
Pure 50/50 7.185
Pure 75/25 7.854
Pure 86/14 6.895
Pure 92/8 6.715
50/50 4-nitro 7.280
75/25 4-nitro 6.774
86/14 4-nitro 6.580
92/8 4-nitro 7.596
50/50 4-phenyl 6.450
75/25 4-phenyl 6.600
86/14 4-phenyl 7.515
92/8 4-phenyl 6.288
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Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) analysis was performed on all eight
of the dye-modified copolymers and the four initial poly[styrene-co-(maleic
anhydride)] copolymers. A Seiko SDM/220C DSC was utilized. The modified
copolymers were each ground into small particles before analysis, and aluminum pans
obtained from Seiko Instruments (P/N 50-020) were used with covers (P/N 50-021).
Sample sizes ranged from 4 to 5 mg (see Table 3). All samples were heated from
25
to
200
C, held for ten minutes, cooled from
200
to
25
C, held for tenminutes, and
finally heated again from
25
to
200 C. All data was collected using a heating and
cooling rate of
10 C per minute. The samples were purged with nitrogen for 15
minutes before each run, and a nitrogen atmosphere was maintained throughout the
analysis (a flow rate of 50 mis per minute). A sampling time of 1 .0 sec. was used to
gather data.
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TABLE 3
DSC SAMPLE MASSES
SAMPLE MASS (mg)
Pure 50/50 4.886
Pure 75/25 4.999
Pure 86/14 4.298
Pure 92/8 4.103
50/50 4-nitro 4.536
75/25 4-nitro 4.083
86/14 4-nitro 4.711
92/8 4-nitro 4.801
50/50 4-phenyl 4.153
75/25 4-phenyl 4.123
86/14 4-phenyl 4.751
92/8 4-phenyl 4.558
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Fourier Transform InfraredAnalysis
Fourier Transform Infrared (FT-IR) spectroscopic analysis was performed on
all eight of the dye-modified copolymers and the four initial poly[styrene-co-(maleic
anhydride)] copolymers. A Perkin-Elmer 1760X with data station was used to obtain
the qualitative data. Each copolymer sample was dissolved in UV/HPLC grade THF
(approximately 0.08 g of sample into 8 mis of solvent) and placed drop-wise onto a
standard salt plate. The plate was then placed in an oven (approximately
100
C) for 3
minutes, resulting in a thin polymer film. Pure UV/HPLC grade THF dried on a salt
plate, in air, was used for the background scan. The scans were run from 4000 to
500
cm"1
with an average of twenty scans being taken for each sample.
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Polarized LightMicroscopy
A ReichertMicrostar polarizing light microscope was utilized to analyze the
degree of crystallinity present in the 4-nitroaniline modified, lowmolecular weight
copolymers. The 50/50 4-phenyl and the 75/25 4-phenyl samples were also analyzed,
along with the pure 50/50 and the pure 75/25. A very small amount of sample was
taken for each analysis (filling the tip of a micro-spatula) and placed on a VWR 1 mm
micro-slide. A glass cover was then placed over the sample and analysis was carried
out using a magnification of 160/1 .2. A Mettler FP 52 hot stage was used to control
the temperature of the sample. Each sample was heated to a temperature of
100 C as
quickly as possible, then a heating rate of
10 C/min was employed to heat the sample
through its melting point to
200 C. The sample was then cooled to
30 C at a cooling
rate of
10 C/min. Photographs of the modified copolymers were taken with the
polarizer on, using a Polaroid camera and Reichert-Jung Expostar exposure
equipment.
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UV/Vis Spectrometry
UV/Vis spectra were obtained for polystyrene, pure 92/8, pure 50/50, 50/50 4-
nitro, 50/50 4-phenyl, 4-nitroaniline and 4 phenylazoaniline samples. A Varian Cary
219 spectrophotometerwas utilized with the period set at 0.5. A four sided, 1 cm
quartz cuvette held the samples. All other parameters were adjusted throughout each
run to achieve superior resolution. Scans were obtained from 220 nm to 600 nm.
Solutions were prepared in a cuvette using UV/Vis grade THF. Solutions prepared for
the fluorescence study (Table 4, p 49) were used, and the EDP 2500 ul automatic
pipette delivered exact volumes. All solutions prepared were approximately 3.2 x
10"
M based on average repeat unit mass, except for the polystyrene solution, which was
approximately 3.4 x
10"
M based on repeat unit mass.
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H Nuclear Magnetic Resonance
H+
NuclearMagnetic Resonance analysis was performed on all eight of the
modified copolymers and the four initial poly[styrene-co-(maleic anhydride)]
copolymers by Dorothy Java at the Eastman Kodak Company. Spectrawas obtained
from a 300 MHz General Electric instrument with deuterated THF as the solvent.
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PART III: FLUORESCENCE
Initial fluorescence experiments were performed on pure 92/8, 92/8 4-Nitro,
92/8 4-phenylazo, pure 86/14, pure 75/25, pure 50/50, 50/50 4-phenylazo and 50/50
4-nitro samples. A Perkin-Elmer LS-50B Fluorimeter was utilized for all scans.
Calculations were performed to ensure that each sample analyzed contained an equal
mole percent of dye. In this way, a comparative study of each
polymers'
quenching
effectiveness could be properly performed.
As previously stated, elemental analysis was performed on each of the eight
modified copolymers, as well as the four initial copolymers, by Baron Consulting
Independent Laboratories. The results obtained were used to determine the true ratios
of styrene groups to maleic anhydride groups in the initial copolymer, as well as the
percent ofdye that had been incorporated during the modification of each copolymer.
The elemental analysis results can be found in Tables 5 and 6 of the Results and
Discussion section, while the interpretation of these results can be found in Table 7 of
that same section. Calculations for the determination of the masses required for each
fluorescence solution were based upon these elemental analysis results. The
calculations may be found in Appendix II.
10"5 M Polystyrene (230,000 M.W.) was chosen as the fluorophore for all of
the fluorescence experiments performed. Table 4 contains the data indicating how
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each of the solutions for the fluorescence study were prepared. HPLC/UV grade THF
was the solvent used in each of the experiments.
TABLE 4
FLUORESCENCE SOLUTIONS
NAME M GRAMS DILUTED TO
Polystyrene (230,000) 2.3608 100 mis
Polystyrene (230,000) 0.2360 100 mis
4-nitroaniline 10"4 0.0132 1L
4-phenylazoaniline 10"4 0.0196 1L
Pure 92/8 10"4 0.1673 100 mis
Pure 50/50 10"4 0.0220 1L
92/8 4-nitro 10"4 0.2078 100 mis
92/8 4-phenyl 10"4 0.1327 100 mis
50/50 4-nitro 10"4 0.0438 1L
50/50 4-phenyl 10"4 0.0508 1L
Pure 75/25
10"4
0.0572 1L
Pure 86/14
10"4
0.1200 100 mis
Mass of copolymers needed to prepare the molarities indicated, along with the
volumes diluted to, based on moles ofdye.
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All fluorescence experiments were performed under identical conditions.
Experiments were carried out at room temperature, which varied from 23 C to 25 C,
in a 4.0 ml Fisherbrand 10 mm quartz cuvette (four-sided). An EDP 2500 ul
automatic pipette (Rainin Instrument Company, Inc.) was utilized to deliver exact
volumes into the cuvette. Fluorescence scans were run using two sets ofoperating
conditions. All solutions were analyzed at an excitation wavelength of276 nm, with
both slit widths at 2.5 nm, a scan speed of240 nm/min., a delay and gate time of 1 .00
ms, a cycle time of 16 ms, and an emission range from 300 to 450 nm. All of the 4-
phenylazo-containing solutions (4-phenylazoaniline, 92/8 4-phenyl, and 50/50 4-
phenyl) were also scanned at an excitation of241 nm, with both slit widths at 5.0 nm,
a scan speed of240 nm/min., a delay and gate time of 1 .00 ms, a cycle time of 16 ms,
and an emission range from 289 to 450 nm. Before each series of scans, 3.0 mis of the
standard solution,
10"
M polystyrene, was dispensed into a thoroughly rinsed cuvette.
The signal was stabilized at the 320 nm emission peak (+ or - 2.0 intensity units). 125
ju.1 aliquots of the sample under study were then added to the solution, and the data
was gathered. A small magnetic stirrer inside the cuvette ensured that each solution
was thoroughly mixed, and a cuvette cover was used to ensure minimal solvent loss
due to evaporation.
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RESULTS & DTSCTISSTON
This study focuses on the modification and characterization ofpoly[styrene-
co-(maleic anhydride)] copolymers with fluorescent probes. The project has four main
goals: 1) to design an easily reproducible, efficient synthesis procedure formodifying
the copolymers, 2) collection and purification of the poly[styrene-co-maleimides] in
high yield, 3) characterization of the poly[styrene-co-maleimides], and 4) observation
and interpretation of the fluorescence behavior of the modified copolymers. All four
goals have been successfully met, and results will be discussed, in detail, in the pages
that follow.
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SYNTHESIS
The first goal of this study, to design an easily reproducible, efficient
synthesis procedure for modifying the poly[styrene-co-(maleic anhydride)]
copolymers, was approached very methodically. The synthesis procedure was
developed with the knowledge that each step of the synthesis process (conversion to
the amide acid, followed by conversion to the final imide) required twenty four hours
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to complete. An appropriate apparatus was designed and utilized (Figure 1) to
ensure anhydrous conditions would be maintained throughout the synthesis. This
apparatus allowed for the distillation and addition ofTHF to the reaction vessel
without exposure of the reactants to air. It also allowed THF to be added under
anhydrous conditions throughout the reaction, so that the synthesis could occur in a
constant volume ofTHF. After the first twenty-four hour step, pyridine and acetic
anhydride were added to the reaction vessel under positive nitrogen pressure. With
respect to the temperature of the reaction, the reflux temperature of each synthesis
was fixed by the boiling point ofTHF, which was constant at approximately
67 C.
Constant stirring kept the reaction solution uniform throughout the reflux period. The
viscosities of the different reaction solutions varied, with the high molecular weight
copolymer solutions being much more viscous than the lowmolecularweight
solutions. This may be a factor affecting the percentage ofdye ultimately converted to
the final imide. Additional studies need to be performed to confirm this hypothesis. In
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conclusion, elemental analysis results confirm that the synthesis protocol developed,
which is detailed in the experimental section, is indeed an effective and efficient
procedure.
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COLLECTION AND PITRIFirATTON
The second goal of this project, collection and purification of the
functionalized copolymers in high yield, was approached in a trial and error fashion.
Initially, precipitating reagents included an equal mixture ofmethanol and water
mixture for the 92/8 copolymers, and acetic anhydride for the 50/50 copolymers.
However, initial FT-IR data, while indicating successful imidization, suggested that
much of the precipitating reagents still remained trapped in the copolymers. The TGA
results confirmed that impurities remained in the copolymers, with thermograms
showing mass losses at temperatures below
150
C, which is well below the
temperature of any mass loss seen in pure poly[styrene-co-(maleic anhydride)]
samples. Finding reagents that could precipitate the copolymer products from THF
cleanly was immediately made a priority. To this end, an extensive search followed,
with over twelve different reagents, or combination of reagents, studied for their
ability to cleanly precipitate the modified copolymers from solution. Reagents with a
large range ofpolarities were tested, and four different modified polymers were
actually studied: 50/50 4-nitro, 50/50 4-phenyl, 92/8 4-nitro, and 92/8 4-phenyl. The
precipitating reagents were evaluated with respect to how easily the precipitated
copolymer could be recovered, the observed polymer-solvent interactions, and the
ability of the reagent to purify the copolymer. The extensive experiments yielded the
following results: both 50/50 4-nitro and 50/50 4-phenyl were found to be best
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precipitated from solution in cold hexanes, while both 92/8 4-nitro and 92/8 4-phenyl
were found to be best precipitated from solution in cold methanol. Based on
molecular weight and polarity similarities (pure 50/50 and pure 75/25 are of the order
of 1,500 g/mol, while pure 86/14 and pure 92/8 are on the order of 150,000 g/mol),
hexanes was predicted, and found to be, the ideal precipitating reagent for 75/25 4-
nitro and 75/25 4-phenyl. Likewise, methanol was predicted, and found to be, the best
reagent for precipitating 86/14 4-nitro and 86/14 4-phenyl copolymers from solution.
It should be noted that the precipitating reagents were chosen for their
purification qualities only, with little emphasis being placed on the percent recovery
of samples. In this respect, the two reagents are quite different. Most of the modified
86/14 and 92/8 copolymers are recovered when precipitating in methanol, while
hexanes gave relatively small yields when precipitating the 50/50 and 75/25 modified
copolymers. It may seem surprising that precipitating reagents for essentially the
same copolymer are at opposite ends of the polarity spectrum, with methanol being a
very polar solvent and hexanes being a non-polar solvent. This can be explained by
the fact that these polymers, although they have the same type of repeating unit, are
quite different. The 50/50 and 75/25 copolymers, with their large number of
anhydride groups, are a great deal more polar than the 86/14 and 92/8 copolymers,
and thus are precipitated out of solution well in a non-polar solvent. The 86/14 and
92/8 copolymers, which exhibitmostly polystyrene characteristics, are very non-polar
species, and accordingly precipitate out of solution well in a polar solvent.
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The implications of only being able to collect low yields for the lowmolecular
weight modified copolymers are unknown at this point. However, because the
modified copolymers will have different solubilities in the hexanes than will the
unmodified copolymers, it can be theorized that a separation of the two is taking
place. If this is indeed the case, elemental analysis results (Table 7) indicate that it is
the modified copolymer that is more readily coming out of solution. In summary, it
may eventually be seen that this collection technique separates the reacted copolymer
from the unreacted copolymer.
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CHARACTERIZATION
The three major characterization techniques employed in this study; FT-IR,
TGA, and DSC, produced results that are consistentwith pure polymer samples: that
is, no evidence of residual, unreacted dye is observed. However, NMR results indicate
that small amounts of acetic acid have formed in several of the samples. Despite this
fact, a high level of confidence can be placed on the collection and purification
procedure developed for these functionalized copolymers.
The third goal of this thesis project, characterization of the modified
copolymers, serves two purposes: the success of imidization can be readily evaluated,
and an analysis of the altered
copolymers'
properties can also be performed. Ideally,
imidization would occur with little change in a
copolymers'
properties. However,
experience dictates that this was an unrealistic goal.
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Fourier Transform Infrared Analysis
In order to obtain an initial indication of the success ofdye incorporation,
Fourier transform infrared analysis (FT-IR) was performed on all modified samples.
These spectra were then compared to the corresponding spectra of the pure
copolymers, and conclusions were drawn based on the presence, or absence, of certain
functional groups.
The region that is ofmost interest is from 2000 cm"1to 1500 , it is in this
"fingerprint"
range that any evidence indicating successful imidization will appear.
The asymmetric and symmetric carbonyl stretches of anhydrides are present at 1780
and 1854 cm"1, respectively, and their appearance is indicative, qualitatively, of
unreacted anhydride groups. An asymmetric imide carbonyl stretch should appear
between 1700 and 1720 cm"1, and the existence of this peak would be decisive in
demonstrating successful imidization. The imide carbonyl symmetric stretch, which
appears between 1750 and 1790 cm"1, is usually masked by the asymmetric anhydride
peak.
The presence of imide carbonyl stretches gave an initial indication of the
success of each synthesis. Of course, elemental analysis was performed on all of the
samples, and those results gave amuch better indication ofwhat
percentage of dye
was incorporated into each sample. The following figures are presented to support the
elemental analysis findings by confirming imidization has occurred. Be aware that
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each segment of the spectra presented ranges from 2000 cm"1to 1500 cm"1, and that
because of concentration differences between the spectra, relative sizes of the peaks
between different spectra should be ignored. Complete FT-IR spectra of each sample
can be found in Appendix VI. Upon analyzing these spectra, no primary amine peaks
from 3100 to 3500 cm"1could be found, indicating the samples contain no residual,
unreacted dye. Also, a nitro symmetric/asymmetric stretch present in the 50/50 4-nitro
and 75/25 4-nitro spectra at 1550 and 1350
cm"1is further confirmation of successful
dye attachment in these samples.
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50/50 Comparison
Figure 4 is a comparison of the two modified 50/50 copolymers with pure
50/50. Notice that the pure 50/50 yields the prominent anhydride carbonyl stretches at
around 1780 and 1850 cm"1. In both the 50/50 4-nitro and 50/50 4-phenyl spectra,
well defined imide asymmetric carbonyl stretches can be seen between 1700 and 1720
. Imide symmetric stretch peaks are masked behind the anhydride asymmetric
carbonyl stretch, indicating a significant amount of unreacted anhydride remains.
75/25 Comparison
Figure 5 is a comparison of the two modified 75/25 copolymers with pure
75/25. Again, notice that the pure 75/25 yields the prominent anhydride carbonyl
stretches at around 1780 and 1850 cm"1. In both the 75/25 4-nitro and 75/25 4-phenyl
spectra, resolved imide asymmetric carbonyl stretches can be observed between 1700
and 1720 cm'1. Imide symmetric stretch peaks are masked behind the anhydride
asymmetric carbonyl stretch. Upon comparing each sample's imide carbonyl peak
intensity to its own anhydride carbonyl peak intensity, it can be qualitatively asserted
that imidization has occurred to a higher degree in the 75/25 4-nitro sample than it has
in the 75/25 4-phenyl. This concurs with the elemental analysis results received on
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these samples, which show the 75/25 4-nitro was incorporated by 59.5%, and the
75/25 4-phenyl was incorporated by 52.8% (Table 7).
86/14 Comparison
Figure 6 is a comparison of the two modified 86/14 copolymers with pure
86/14. Notice that all three of the 86/14 samples yield the prominent anhydride
carbonyl stretches at around 1780 and 1850 cm"1. Close analysis of the 86/14 4-nitro
and 86/14 4-phenyl spectra reveals small imide asymmetric carbonyl stretches
between 1700 and 1720 . Imide symmetric stretch peaks are masked behind the
anhydride asymmetric carbonyl stretch. It is reasonable that these modified
copolymers have such small imide carbonyl peaks: only 14% of the original
copolymer is available for incorporation, and these anhydride groups are more
difficult for the dyes to attack. For this reason, little imidization has taken place and
the FT-IR results reflect this. Comparing each sample's imide carbonyl peak intensity
to its own anhydride carbonyl peak intensity, it can be qualitatively asserted that
imidization has occurred to a higher degree in the 86/14 4-phenyl sample than it has
in the 86/14 4-nitro. This confirms the elemental analysis results received on these
samples that have the 86/14 4-nitro sample incorporated by 4.9% and the 86/14 4-
phenyl incorporated by 8.3% (Table 7).
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92/8 Comparison
Figure 7 is a comparison of the two modified 92/8 copolymers with the pure
92/8 copolymer. Again, all of the 92/8 samples exhibit the prominent anhydride
carbonyl stretches at around 1780 and 1850 cm"1, while both the 92/8 4-nitro and 92/8
4-phenyl spectra show only slight indications of imidization. Small imide asymmetric
carbonyl stretches can be seen between 1700 and 1720 , with imide symmetric
stretch peaks being masked behind the anhydride asymmetric carbonyl stretch.
Comparing each sample's imide carbonyl peak intensity to its own anhydride
carbonyl peak intensity, it can be qualitatively asserted that imidization has occurred
to a higher degree in the 92/8 4-phenyl sample than it has in the 92/8 4-nitro. This
confirms the elemental analysis results received on these samples which indicate that
incorporation has taken place in 1 1 .1% of the 92/8 4-phenyl sample, while taking
place in only 7.4% of the 92/8 4-nitro sample (Table 7).
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ELEMENTAL ANALYSIS
Elemental Analysis results were obtained from Barons Consulting Company,
an independent laboratory. Table 5 contains the raw data obtained from Barons,
which analyzed the samples for carbon, nitrogen, and hydrogen content. Oxygen
content was then found by difference. The first major point that this analysis
uncovered was the fact that the mole percentages, reported on each bottle ofpure
poly[styrene-co-(maleic anhydride)] by the manufacturer, were not accurate. When
attention is turned to Table 6, the discrepancies can be clearly seen. The actual mole
percentages were calculated for each sample on a spread sheet by minimizing the
difference between the theoretical and actual mole percent values for each element
analyzed; carbon, nitrogen, hydrogen, and oxygen. Appendix III contains a sample
calculation for the determination of the mole ratio of anhydride to styrene groups in
the original copolymer samples, as well as a calculation for the determination of the
percent conversion.
TABLE 5
ELEMENTAL ANALYSIS: RAW
DATA*
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Sample T-%C T-%H T-%N T-%0 A-%C A=
%H
A-
%N
A-%0 Error
Pure 50/50 ~ 72.07 5.64 22.29 ~
Pure 75/25 81.01 6.74 ~ 12.25
Pure 86/14 ~ 86.96 7.3 5.74 ~
Pure 92/8 ~ 89.98 7.77 2.25
50/50 4-nitro 66.70 4.86 6.92 21.52 63.85 4.88 7.3 23.97 0.123
75/25 4-nitro 74.92 5.79 4.69 14.60 72.54 5.56 4.51 17.39 0.174
86/14 4-nitro 85.56 6.88 0.21 7.35 86.05 6.28 0.21 7.46 0.097
92/8 4-nitro 89.21 7.35 0.14 3.30 89.32 7.35 0.14 3.19 0.035
50/50 4-phenyl 73.74 5.33 9.06 11.88 73.64 5.23 9.15 11.98 0.023
75/25 4-phenyl 79.16 6.03 6.41 8.40 78.21 5.85 5.62 10.32 0.235
86/14 4-phenyl 85.66 6.88 0.52 6.94 85.82 6.7 0.52 6.96 0.027
92/8 4-phenyl 89.26 7.35 0.31 3.08 89.60 7.27 0.31 2.82 0.092
source: Baron Consulting Company
T- theoretical, A- actual
See Appendix III
TABLE 6
ELEMENTAL ANALYSIS RESULTS: UNMODIFIED SAMPLES
SAMPLE ACTUAL MOLE %
pure 50/50
pure 75/25
pure 86/14
pure 92/8
47/53
68/32
84./16
93/7
TABLE 7
ELEMENTAL ANALYSIS RESULTS: MODIFIED SAMPLES
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SAMPLE % INCORPORATION
50/50 4-nitro 71
50/50 4-phenyl 68
75/25 4-nitro 60
75/25 4-phenyl 53
86/14 4-nitro 4.9
86/14 4-phenyl 8.3
92/8 4-nitro 7.4
92/8 4-phenyl 11
Table 7 depicts the percentage of available anhydride groups that were
converted to the final imide. There are some interesting points that can be made
concerning this table. For example, a major trend seems to be that for the low
molecular weight copolymers, 4-nitroaniline has a greater affinity for attachment than
does 4-phenylazoaniline, while for the highmolecular weight copolymers, 4-
phenylazoaniline is more inclined to attach than is the 4-nitroaniline. One argument
for the observance of this trend involves the fact that the 4-nitroaniline dye, because
of its nitro group, is a more polar species than is 4-phenylazoaniline. Therefore,
because polar species attract polar species and non-polar species attract non-polar
species, the nature of the above tendency can be understood: the more polar
copolymers (50/50 and 92/8) more readily attract the more polar dye, and vice versa.
Another trend involves the magnitude of the percentage of incorporation from the
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50/50 copolymer to the 92/8 copolymer. Due to viscosity effects, the highmolecular
weight copolymers (very viscous reaction solution) had a smaller percent
incorporation than the lowmolecular weight (less viscous reaction solution)
copolymers. In addition to the shear numbers of anhydride groups having this affect,
this would occur because of the ease of the dye finding and reacting with anhydride
groups. Indeed, this trend is observed: 50/50 modified copolymers have amuch
greater percentage of incorporation than do 92/8 modified copolymers. However,
there is one anomaly in this trend. The 86/14 modified copolymers contain a smaller
percentage of incorporation than the 92/8 modified copolymers. This fact can not be
readily explained, but it can be speculated that the age of the original 86/14
copolymers is effecting its performance. The other three original copolymers, 50/50,
75/25, and 92/8, were all purchased in 1994, while the 86/14 sample was purchased in
1992.
69
THERMOGRAVTMETRTC ANAT YSTS
For the purpose of comparing the thermal stability of the functionalized
copolymers, thermogravimetric analysis techniques were utilized. Before individual
thermograms are discussed and compared, it is necessary to understand the types of
factors that influence the decomposition temperature. It should be recognized that
thermal stability is primarily a function ofbond energy. Accordingly, when the
temperature increases to the point where vibrational energy causes bond rupture, a
polymer begins to degrade. With this fact in mind, attention should be given to Table
8 of the results section. The glass transition (Tg) and decomposition (Td) temperatures
of the four pure copolymers, along with the eight modified copolymers, can be found
in this table. Td's were taken from the TGA computer (SSC 5200) using the method
of tangents. Data was transferred from the SSC 5200 to QuatroPro , where it was
manipulated. In order to compare thermograms of different samples, the figures that
will be discussed will be in terms of% mass lost, rather than actual mass lost. All of
the mass data points were simply divided by their initial masses to obtain the
normalized y-axis. However, for consistency, all of the sample masses were initially
kept in a very narrow range (from 6 mg to 8 mg).
Some generalizations that can be made concerning all thermograms are that
each copolymer shows a decrease in Td upon modification, and the greater the
percentage of incorporation, the larger the decrease in Td. Also, multiple mass losses
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were observed for all of the modified lowmolecularweight copolymers, and these
samples left a larger mass of residue after decomposition than did the highmolecular
weight copolymers.
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50/50 Comparison
Figure 8 is an overlay of the thermograms for the three 50/50 copolymers
studied in this thesis. Notice that the three thermograms differ considerably: the single
decomposition temperature for pure 50/50 is at 345 C, while 50/50 4-nitro and 50/50
4-phenyl exhibit two distinct decomposition temperatures. 50/50 4-nitro shows a Td at
239 C and 380 C, while 50/50 4-phenyl shows a Td at
241 C and 369 C. The fact
that the two functionalized copolymers exhibit two distinct decomposition
temperatures indicates that two decompositionmechanisms are active. This may be
explained by the presence of two distinct regions in the copolymers. While the
processes ofdecomposition are not fully understood, it is can be stated that the mass
loss occurring around 240 C cannot be attributed to the bulky modified side groups
coming offof the main chains. If this was the case, the 50/50 4-phenyl would lose
more mass after the first decomposition than would the 50/50 4-nitro because it has
the heavier side group. Clearly, this is not observed. There is no reason to believe that
the initial mass losses at
239 C and
241 C are due to unreacted dye evaporating from
the copolymer. This statement is supported by FT-IR andNMR data. (Appendix VI).
Also, the boiling point of4-nitroaniline is
260
C, while the boiling point of4-
phenylazoaniline is >
360
C, which are both above the temperature of the first mass
loss.
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The 50/50 4-phenyl sample can be seen to be more thermally stable than the
50/50 4-nitro sample; its Td is approximately 10 C larger. Also, note that 50/50 4-
phenyl leaves approximately 10% more residue after decomposition than does 50/50
4-nitro. Less mass loss also indicates amore thermally stable sample. Clearly, the
introduction of4-nitroaniline to the copolymer has some type ofdestabilizing affect.
Elemental analysis results indicate that the maleic anhydride groups of the
50/50 4-nitro had been successfully imidized by 71%, while the 50/50 4-phenyl had
been substituted by 68%. When compared with the large difference in stability of
these copolymers, this small difference in percent incorporation can be viewed as
being negligible. There must be some other explanation that accounts for the
weakening of 50/50 4-nitro that causes it to decompose prematurely. This is the
subject of current research in our laboratory.
75/25 Comparison
Figure 9 is an overlay of the thermograms for the three 75/25 copolymers
studied in this thesis. As was the case with the 50/50 samples, it can immediately be
seen that the three thermograms differ considerably: the decomposition temperature
for pure 75/25 falls at
355
C, while 75/25 4-nitro and 75/25 4-phenyl exhibit two
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distinct decomposition temperatures. 75/25 4-nitro shows a Td at 238 C and
364
C,
while 75/25 4-phenyl shows a Td at
244 C and 359 C. The fact that the two
functionalized copolymers exhibit two distinct decomposition temperatures indicates
that as a result ofmodification, like the modified 50/50 samples, the polymer has two
distinct decomposition mechanisms. Again, while the processes ofdecomposition are
not fully understood, it is can be stated that the mass loss occurring around 240 C
cannot be attributed to the bulky modified side groups coming offof the main chains.
If this was the case, the 50/50 4-phenyl would lose more mass after the first
decomposition thanwould the 50/50 4-nitro; this is not observed.
The 75/25 4-phenyl sample can be seen to be more thermally stable than the
75/25 4-nitro sample by approximately
10
C, at the onset ofdecomposition. As was
the case for the 50/50 samples, 75/25 4-phenyl residual mass is approximately 10%
greater than the residual mass of 75/25 4-nitro, indicating that it has greater stability.
Evidently, the introduction of4-nitroaniline to the copolymer has some type of
destabilizing affect.
Elemental analysis results indicate that the maleic anhydride groups of the
75/25 4-nitro had been successfully imidized by 60 %, while the 75/25 4-phenyl had
been substituted by 53 %. Again, this difference is fairly negligible, when compared
to the difference in the TGA scans, and can be ignored. The extra weakening of 75/25
4-nitro that caused it to decompose prematurely is currently under study; but, clearly
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there is some property of the 4-nitroaniline that destabilizes the copolymer and causes
degradation at lower temperatures.
Notice that the decomposition temperature for pure 75/25 is higher than that
for pure 50/50. This is because polystyrene has a very high Td (Td is from 380 to 390
0 C ). When the percentage ofpolystyrene in the copolymer rises, so does the
decomposition temperature. It is predicted that the pure 86/14 will have a higher Td
than pure 75/25, and pure 92/8 will have the highest Td of all four pure copolymers.
Indeed, this is the case as illustrated by Table 8.
86/14 Comparison
Figure 10 is the overlay ofpure 86/14, 86/14 4-nitro, and 86/14 4-phenyl. In
contrast to the previous two figures, the two functionalized 86/14 copolymers exhibit
behavior similar to that ofpure 86/14. This can be attributed to the fact that with 86%
of the copolymer being polystyrene, there was much less of the copolymer that was
able to be modified. Elemental analysis results indicate that only 4.9 % and 8.3 % of
available maleic anhydride groups have been converted to the final imide for 86/14 4-
nitro and 86/14 4-phenyl, respectively. This means that a very small amount of the
copolymer has either of the large substituents attached to it, and this contributes to the
copolymer's polystyrene-like behavior and single decomposition temperature. Also,
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in contrast to the previous two figures, notice that there is very little residual mass left
from the decomposition. The modified copolymers are now decomposing very much
like the pure 86/14.
86/14 4-nitro thermally decomposes approximately
10 C earlier than does
86/14 4-phenyl. Elemental analysis results showing the 86/14 4-nitro incorporation at
4.9 %, while the 86/14 4-phenyl has 8.3 % incorporation. This difference in percent
incorporation can be deemed significant, and a reason for the difference in Td's, with
the 86/14 4-phenyl being incorporated by almost twice as much as the 86/14 4-nitro.
92/8 Comparison
Figure 1 1 is the overlay ofpure 92/8, 92/8 4-nitro, and 92/8 4-phenyl. Like
the previous figure of 86/14 comparisons, the two functionalized 92/8 copolymers
exhibit behavior similar to that ofpure 92/8. Again, with such a large percentage of
the copolymer initially being polystyrene, the copolymers are expected to exhibit
essentially polystyrene characteristics. Also, as was the case with the
86/14 sample,
there is much less of the copolymer that has been modified. Elemental analysis results
indicate that only 7.4 % and 1 1 % of available maleic
anhydride groups have been
converted to the final imide for 92/8 4-nitro and 92/8 4-phenyl, respectively. This
means that a very small amount of the
copolymer has either of the large substituents
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attached to it, and this contributes to the copolymer's polystyrene-like behavior and
single decomposition temperature. Also, similar to the behavior of the modified 86/14
copolymers, the residue after decomposition for the two 92/8 modified copolymers is
negligible. The samples are decomposing identically to the pure 92/8 sample.
92/8 4-phenyl thermally decomposes approximately
20 C earlier than does
92/8 4-nitro. With the elemental analysis results showing the 92/8 4-phenyl
incorporation at 1 1 %, while the 92/8 4-nitro is at 7.4 %, a hypothesis can again be
made that the higher the percent incorporation, the lower a decomposition
temperature becomes.
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DIFFERENTIAL SCANNING CALORIMETRY
For the purpose of comparing the glass transition temperatures of the
functionalized copolymers, differential scanning calorimetry techniques were
employed. The characterization section of the Introduction contains a discussion of
the factors that influence the glass transition temperature (Tg). This information is
referred to when analyzing the following DSC results.
Glass transition temperatures were determined from the DSC SSC 5200
computer by reading the temperature where the slope of the derivative of a transition
passes through its baseline. This temperature is close to the midpoint of the transition.
The actual DSC plots were created by transferring data from the SSC 5200 to
QuatroPro. The data for each plot was offset for easier viewing, and then plotted.
When reading a DSC plot, a shift ofbaseline of the DSC line is indicative of a glass
transition, while an inverse peak is indicative of a melt transition. Except where
noted, the sporadic behavior of the DSC line at the very beginning of the run and at
the very end of the run can be ignored. These "False
signals"
arise from the
temperature either starting to change or stabilizing. Refer to Table 8 for a listing of
the glass transition temperatures found. (Note: the glass transition temperature, at the
39
midpoint of the transition, is 1 15 to 120 C for pure polystyrene).
TABLE 8
TRANSITIONS
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SAMPLE l^Q IdX^C)
Pure 50/50 166 345
Pure 75/25 135 355
Pure 86/14 137 377
Pure 92/8 121 389
50/50 4-nitro 120, 170 239, 380
75/25 4-nitro 115,170 238, 364
86/14 4-nitro 139 352
92/8 4-nitro 122 387
50/50 4-phenyl 100 241,369
75/25 4-phenyl 90.0 244, 359
86/14 4-phenyl 139 363
92/8 4-phenyl 123 366
The glass transition temperatures (Tg) and the decomposition
temperatures (Td) for the copolymers.
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50/50 Heating Comparison
Figure 12 is an overlay of the heating stages for pure 50/50, 50/50 4-nitro, and
50/50 4-phenyl. Pure 50/50 exhibits a sharp Tg at
166
C, while the remainder of the
thermogram contains no features. The glass transitions for the two modified
copolymers are, unfortunately, not as obvious. The glass transitions for these two
samples occur over a large temperature range, and appear as a very broad transition in
the baseline. This is often observed in thermograms of copolymers. Two Tg's can be
observed for 50/50 4-nitro: the first one at 120 C, and the second on at
170 C. This
indicates that there are two distinct regions that exist in the modified copolymer. The
nature of these two regions is unknown at this time, but is the subject of further
research in our laboratory. The glass transition for 50/50 4-phenyl, which has been
given a value of
100
C, covers a very broad range of temperatures. Elemental
analysis results indicate comparable percent incorporation between the two samples
(71 % for 50/50 4-nitro, 68 % for 50/50 4-phenyl), therefore this seems unlikely to be
the cause of the difference in Tg's. It is hypothesized that the dipole-dipole
interactions that are occurring in the 50/50 4-nitro may be the cause for the increased
thermal energy needed for the glass transition of the sample. As previously noted, the
nitro group from 4-nitroaniline is a very polar species and will
most likely interact
with the carbonyl groups from any unreacted maleic anhydride. Another possible
explanation for the 50/50
4-nitro'
s higher Tg is that because the 50/50 4-nitro sample
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has a higher percent incorporation, its larger number ofbulky side groups may be
hindering the rotational freedom of the molecule.
Finally, notice the large inverse peak between 180 and 200 C for the 50/50 4-
nitro sample. This is indicative of amelt transition and will be the subject of a DSC
cooling comparison in a discussion to follow.
75/25 Heating Comparison
Figure 13 is the overlay of the heating stages for pure 75/25, 75/25 4-nitro,
and 75/25 4-phenyl. Similar to the 50/50 overlay, the pure 75/25 sample exhibits a
sharp Tg, while the two modified copolymers show a broad glass transition over a
large range of temperatures. The Tg for pure 75/25 is observed to be at
135
C, quite a
bit lower than the Tg for pure 50/50, which was at
166 C. This difference in glass
transition temperatures can be explained by the fact that pure 50/50 is essentially an
alternating copolymer and has amore organized structure than does the random pure
75/25 species. This more ordered structure leads to better packing, and thus the chains
have less free volume to rotate and vibrate when heated: consequently, its Tg is
increased.
Like the 50/50 4-nitro sample previously examined, 75/25 4-nitro exhibits two
glass transition temperatures. The first transition occurs around 1
15
C, and the
86
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second one, which is very narrow, occurs at approximately
170 C. 75/25 4-phenyl
exhibits its broad Tg at approximately 90 C. Notice that this transition does not take
place over as large a range of temperatures as does the 50/50 4-phenyl transition.
Elemental analysis results indicate that the 75/25 4-nitro and 75/25 4-phenyl
have approximately the same % incorporation (60 % and 53%, respectively),
therefore, there must be some other explanation for the twenty degree difference in
their Tg's. Dipole-dipole interactions that are occurring in the 75/25 4-nitro may be
the cause for a portion of the increased thermal energy needed for the glass transition
of the sample. Also, the more substituted 75/25 4-nitro may have a higher Tg due to
its increased number ofbulky side groups hanging offof the main chain. However, it
is unlikely that either of these factors are exclusively causing this large difference in
Tg's. The complete cause is unclear at this point and is the subject of further research
in our laboratory.
Finally, notice the large inverse peak between
180
and
200 C for the 75/25
4-nitro sample. Again, this is indicative of a melt transition and will be the subject of
a DSC cooling comparison in a discussion to follow.
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86/14 Heating Comparison
Figure 14 is the overlay of the DSC results for pure 86/14, 86/14 4-nitro, and
86/14 4-phenyl. All three samples exhibit sharp glass transition temperatures at
approximately
130 C. Because the 86/14 original copolymer is so rich in styrene
groups, the Tg's of the modified copolymers fall in a much narrower range of
temperatures. The copolymers are now behaving more like polystyrene and less like a
modified poly[styrene-co-(maleic anhydride)] copolymer. The Tg for pure 86/14 is
observed at
137 C , the Tg for 86/14 4-nitro is found at
139
C, and the Tg for 86/14
4-phenyl is observed at 139 C. These glass transition temperatures agree with each
other so closely because the amount of sample that has beenmodified is a very small
percentage of the total copolymer. All three are clearly exhibiting polystyrene
characteristics.
92/8 Heating Comparison
Figure 15 is the overlay of the heating stages of pure 92/8, 92/8 4-nitro, and
92/8 4-phenyl copolymers. As was the case with the DSC results for the 86/14
species, all three 92/8 samples exhibit very distinct and very similar Tg values. Pure
92/8 shows its TB at
121 C , while 92/8 4-nitro's Tg is at
122 C , and 92/8 4-
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Figure 15
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phenyl's Tg is at
123
C. Again, because the 92/8 unmodified copolymer is so rich in
styrene groups, the Tg's of the modified copolymers fall in amuch more narrow range
of temperatures and behave more like polystyrene. These glass transition
temperatures deviate little from the accepted value ofpolystyrene, which is
approximately
115
to
120 C.
50/50 Cooling Comparison
Figure 16 is the overlay of the cooling sequence ofpure 50/50 and 50/50 4-
nitro. Recall that when comparing the 50/50 heating overlays (Figure 12), it was
observed that 50/50 4-nitro was going through amelt transition from
180
to
200 C.
To observe this phenomenon in better detail, Figure 16 clearly shows the
crystallization transition of the 50/50 4-nitro. This peak at 191 C is exclusively
present in the 4-nitro modified copolymer's thermogram. Melts occur in polymer
samples that contain some degree of crystallinity: therefore, the data suggests that
50/50 4-nitro is partially crystalline. When a polymer has a highly regular structure,
with little or no chain branching, or when it contains highly polar groups that give rise
to very strong dipole-dipole interactions, conditions are ideal for crystalline
structures. To further investigate and to confirm the presence of crystallinity,
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Figure 16
O
CO
rr
<
a.
08
_j
o
o
o
o
in
o
in
o
o
CM
o
co
V4
0
O in
*"
0*""
^^ in
O LU
0 w
cm rr
rr
a.
r-
O
2
LU
rr
r-
h- Z
O
co
1
O
in
c5
m
0
CO
[ ]
o
o
CM
(Mn) osa
93
polarized lightmicroscopy was utilized. The inverse peak that exists at
40 C is
inherent in the original unmodified copolymer as well, and is not affected by
modification. This peak is consequently ignored.
75/25 Cooling Comparison
Figure 17 is an overlay of the cooling sequence ofpure 75/25 and 75/25 4-
nitro. As discovered in Figure 13, 75/25 4-nitro seems to go through a melt transition
from 180 to 200 C. This is confirmed, and shown in better detail, in Figure 17, where
the crystallization transition can be found at
192 C. A certain degree of crystallinity
is assumed to be present in this sample. We can cite identical reasons for its existence
for the 50/50 4-nitro sample discussed above. Polarized lightmicroscopy was
performed on this sample to confirm these results. Again, The inverse peak that exists
at
40 C is inherent in the original unmodified copolymer as well, and is not affected
by modification. This peak is consequently ignored.
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POLARIZED LIGHT MICROSCOPY
Initial DSC results of the 50/50 4-nitro and 75/25 4-nitro copolymers (Figures
12 and 13) indicated that each experienced amelt transition at approximately
190 C.
A briefpolarized light microscopy study was performed to confirm, these DSC
results. The photographs taken of the two samples (polarizer of the polarizing light
microscope engaged) confirmed the existence of crystals in the copolymer samples.
When looking at the 50/50 4-nitro photograph (Figure 18), large, oblique, and random
crystals can be seen. The photograph of the 75/25 4-nitro sample (Figure 19), shows
much smaller, rectangular crystals. This is peculiar in light of the fact that both pure
50/50 and pure 75/25 samples (Figure 20) show no crystallinity, only the presence of
a cracked film. Also, 50/50 4-phenyl and 75/25 4-phenyl seem to exhibit purely
amorphous properties. The presence of a high degree of crystallinity in the 50/50 4-
nitro and the 75/25 4-nitro copolymers can be explained by the fact that these two
samples contain very polar side groups (nitro groups are evenmore polar than
carbonyl groups). When a polymer contains highly polar groups that give rise to
dipole-dipole interactions, it may exist in a crystalline form. Because of theN02 and
carbonyl groups present in these two modified copolymer samples, conditions were
ideal for crystallinity to take place. Such crystallinity should not be confused with that
of lowmolecular weight compounds: these crystals exist in regions of the polymer
matrix where polymermolecules order themselves in a thermodynamically favorable
96
Figure 18
50/50 4-NITRO
Heated to 200 C, then cooled to 30 C at a rate of 10 C per minute.
97
Figure 19
75/25 4-NITRO
Heated to 200 C, then cooled to 30 C at a rate of 10 C per
minute.
98
Figure 20
PURE 50/50
Heated to 200 C, then cooled to 30 C at a rate of 10 C per minute.
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no
alignment. The crystals observed are evidently not the result ofunreacted, residual
4-nitroaniline trapped in the copolymermatrix. This is because the melting point of4-
nitroaniline was found to be between 149 and 151 C, which is well below the
melting points of the crystals being observed here. Furthermore, freezing point
depression effects from the dye being trapped in the copolymer would be expected to
lower this melt temperature even more.
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Proton Nuclear Magnetic Resonance
The eightmodified copolymers, along with the four original copolymers, were
analyzed by protonNuclear Magnetic Resonance (NMR). The spectra are informative
to the extent that conclusions are drawn from the recurrence of certain trends.
Because NMR analysis is a very small part of this study, and to avoid over-analyzing
the data, only the most obvious trends are singled out for discussion. One modified
high molecular weight copolymer spectrum and one modified lowmolecular weight
copolymer spectrum are presented to illustrate these trends. A comparison of the
aromatic regions of these copolymers is also submitted. NMR results were further
used to confirm the elemental analysis statistics obtained from Barons Consulting
Company. Those results can be found in Table 9. Less confidence is put in the NMR
results than in the elemental analysis results because theNMR peak areas were hand
measured. A sample calculation may be found inAppendix III.
TABLE 9
NMR vs. ELEMENTAL ANALYSIS RESULTS: UNMODIFIED SAMPLES
SAMPLE ELEMENTAL ANALYSTS MOLE % NMRMOLE%
pure 50/50 47/53 45/55
pure 75/25 68/32 69/31
pure 86/14 84/16 88/12
pure 92/8 93/7 93/7
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75/25 4-Nitro
Figure 21 is the protonNMR spectrum of 75/25 4-nitro in deuterated THF.
Beginning with upfield peaks, the sharp spikes at 1.65 (G) and 3.60 (E) ppm are
characteristic of
THF40
, while the large singlets at 2.05 (F) and 9.65 (A) ppm are
characteristic of acetic acid protons. The four hydrogens furthest away from oxygen
in THF account for signal G, and peak E is attributed to the four hydrogens nearest to
oxygen. For acetic acid, singlet F is assigned to the methyl hydrogens, while signal A
is assigned to the OH proton. Acetic acid formed because evolved water reacts with
acetic anhydride as a side reaction during imidization. The precipitation of the
modified copolymer in hexanes is unable to remove this acetic acid. The doublets
found at 7.78 (C) and 8.15 (B) are representative ofprotons attributed to the presence
of the aromatic protons of4-nitroaniline in the modified copolymer. The broad band
from 6.00 to 7.60 (D) ppm also falls in the aromatic region and can be attributed to
the hydrogens of the benzene rings from styrene. The fact that this peak has a
shoulder indicates that there are aromatic hydrogens in at least two different types of
environments, possibly from styrene next to styrene, and styrene next to maleic
This is consistent with the polymers random configuration.
Figure 21
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86/14 4-nitro
Figure 22 is the protonNMR spectrum of the modified 86/14 4-nitro
copolymer in deuterated THF. Again, beginning with the high field, note the sharp
THF peaks at 1.70 (F) ppm and 3.6 (D) ppm. The acetic acid singlets are now very
small because the modified copolymer's precipitation frommethanol removes most
of the acetic acid, but peaks are still visible at 2.05 (E) ppm and 9.60 (A) ppm. The
doublets attributed to the presence of the 4-nitroaniline 's benzene rings are also
smaller and less visible, but do exist at 7.80 (C) and 8.15 (B) ppm. These
characteristics make this spectrum consistent with that of 75/25 4-nitro, but there are
some differences between the two in the aromatic region. In contrast to the 75/25
aromatic band, the aromatic peaks dominate the 86/14 4-nitro spectrum. This is
rationalized by noting the increased number of styrene groups present in the 86/14
sample. Again, the shoulder on this peak indicates that there are aromatic hydrogens
present in the sample that are in at least two different environments.
104
Figure 22
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75/25 Comparison
Figure 23 is a comparison of the aromatic NMR regions for 75/25 4-nitro,
pure 75/25, and 75/25 4-phenyl. Notice that the three spectra differ significantly. The
75/25 4-nitro sample, which was discussed above, has the two doublets at 7.80 and
8.20 ppm as its main feature. Conversely, the pure 75/25 sample, has the aromatic
peaks as its main feature. The 75/25 4-phenyl spectrum is very noisy in this region
and this may be due to an abundance of chain ends. The multiplet at 7.65 ppm of the
75/25 4-phenyl sample is attributed to the phenylazo group hydrogens of the
incorporated dye, as are the doublets at 7.8 and 7.9 ppm. Note that the aromatic peaks
at approximately 7.10 ppm all have shoulders, indicative that they all contain
aromatic hydrogens in multiple environments. The numerous differences between
these three spectra contain further evidence that modification has been successful.
86/1 4 Comparison
Figure 24 is a comparison of the aromatic NMR region of 86/14 4-nitro, pure
86/14, and 86/14 4-phenyl. In contrast to the 75/25 comparison in Figure 23, these
three spectra all look quite similar. This is because the 86/14 copolymer is more
polystyrene-like and as beenmodified to a lesser degree. The three spectra contain the
Figure 23
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double aromatic peak at approximately 7.20 ppm. Again, this is indicative that they
all contain aromatic hydrogens in at least two different environments due to an atactic
configuration. Also worth noting are the doublets of the 86/14 4-nitro sample, at 7.80
and 8.15 ppm, and the multiplet of the 86/14 4-phenyl sample at 7.90 ppm.
These peaks are not present in the pure 86/14 spectrum, further evidence that
incorporation has been successful.
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UV/Vis Spectrometry
UV/Vis spectra were obtained for polystyrene, pure 92/8, pure 50/50, 50/50 4-
nitro, 50/50 4-phenyl, 4-nitroaniline and 4-phenylazoaniline samples. The absorption
maxima obtained were useful for interpreting the fluorescence data for these samples.
By observing the wavelength at which each species absorbs, it can clearly be
demonstrated that the emission spectrum ofa certain sample overlaps with the
absorption spectrum of another. Also, the wavelength needed to excite the modified
copolymers was confirmed.
Polystyrene exhibits a sharp, medium intensity, absorbance peak at 268 nm,
which corresponds with the reported wavelength of X.max for polystyrene, 268 nm, by
97 rt 3fc
Marquez, E., et al. Pure 50/50 (approximately 3.2 x
10"
M ) exhibits a very broad,
high intensity absorption band at 290 nm, with no evidence of an absorption at 268
nm. 50/50 4-nitro also shows a strong, broad peak at 290 nm. 50/50 4-phenyl exhibits
that same band at 290 nm, while demonstrating a broad, low intensity absorption band
from 325 to 370 nm. The benzene ring peaks for these three copolymers (268 nm)
either shifted, or were masked, by the more intense band at 290 nm. This peak at 290
nm corresponds to the absorption wavelength assigned to the carbonyls present in the
imide and anhydride rings.
*
moles based on repeat unit mass
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4-nitroaniline exhibits only one absorbance band, which is broad, of low
intensity, and spans from 3 10 nm to 410 nm (peak at approximately 379 nm). 4-
phenylazoaniline displays three peaks: a broad, low intensity band from 375 to 430
nm (peak at approximately 390 nm); a narrow, low intensity band at 366 nm; and a
strong, broad band at 290 nm. Pure 92/8 displays the benzene absorption band at 268
nm, while also showing the broad, high intensity, carbonyl peak at 290 nm. This is
evidence that the masking of the 268 nm absorption band occurs only when carbonyl
groups are more plentiful. The positioning of the carbonyl absorption band with
respect to the styrene absorption band makes the quenching of styrene fluorescence
likely in these systems, not because of a quenching of the emission signal, but
because of a quenching of the total excitation energy that the styrene is allowed to
excite from. Lastly, The differences in the absorption spectra of the pure copolymer
and the modified copolymer is further evidence that successful imidization has taken
place.
Ill
FLUORESCENT
It was stated in the Introduction of this thesis that the real value of this
research project lies in the potential of the modified copolymers to be used as
fluorescent probes in phase separation studies. Preliminary fluorescence studies were
performed on the two extremes of the copolymers modified: the 50/50 and 92/8
copolymers. When this project first began, the two fluorescent dyes were chosen for
their compatibility with one another: it was believed that 4-nitroaniline would be a
fluorophore and that 4-phenylazoaniline would be a quenching dye. This was
expected because the absorption band of4-phenylazoaniline was seen to be red
shifted from that ofnitro by 20 to 30 nm. However, early in the project, by observing
the fluorescence behavior of the two dyes with polystyrene, it was discovered that the
two aniline derivatives under study were both quenching species for styrene
fluorescence. In order for the project to continue, a different fluorophore needed to be
chosen for the fluorescence portion of the study. Polystyrene was chosen as the
fluorophore because of its applicability to this study, and because of its strong
fluorescence signal at small concentrations. As a result, all quenching studies were
performed on 2.2659 x
10'2 M polystyrene samples. This corresponds to a 1 x
10"5 M
polystyrene solution based on polymer molecular weight. In terms ofphysical
properties, this molarity was chosen because at higher concentrations, polystyrene
was observed to precipitate from solution and adhere to the plastic disposable tip of
112
the pipette. This would have ultimately caused fluctuations in the true molarity of
each polystyrene aliquot being studied. Therefore, a lower concentration of
polystyrene was chosen, and its fluorescence signal was strong enough for the study
thatwas undertaken.
Development of experimental design of the quenching study involved
adjusting concentrations and volumes until a satisfactory quenching effect was
observed throughout the addition of five separate aliquots ofquencher. For the 10
M*
solutions ofmodified copolymer, unmodified copolymer, and pure dye, 125 ul
aliquots gave the desired affect. The pre-scan that was performed on the 2.2659 x 10
M polystyrene yielded two Xmax's for the excitation of the sample: one at 241 nm, and
one at 276 nm. It is now understood that the absorption band at 276 nm corresponds
to the promotion of an electron into the S, energy level of the phenyl ring in
polystyrene, while the absorption band at 241 nm corresponds to the excitation of an
electron into its S2 energy level. Recall from the equation E
= hclX that the smaller the
wavelength, the larger the energy. This corresponds to what is observed
because in
order for an electron to be promoted to a higher energy level, it must be excited by a
larger amount of energy, or a shorter wavelength of light. The ranges
from which the
emission scans were read (from 300 to 450 nm for the excitation at 276 nm,
and from
289 to 450 nm for the excitation at 241 nm), were chosen so to
avoid any phantom
signals that would result from the excitation beam. At both
excitation wavelengths,
Moles based on mass ofdye in the repeat unit.
113
the ^max for the emission spectrum is 330 nm. This deviation of the emission
wavelength from the excitation wavelength can be attributed to the Stake's shift that
was mentioned in the Introduction. This generalization applies to the discussion of the
figures that follow: the intensity of signals, when measured at an excitation energy of
241 nm, will be smaller than the intensity of signals measured at an excitation energy
of276. This is because the excited state lifetime ofa molecule starting in an S2 energy
level is longer than that for the S, level. Therefore, more pathways exist for energy
dissipation for an excited molecule in an S2 state than are available for an excited
molecule in an Sj energy level.
The pure 2.2659 x
10"
M polystyrene solution was scanned before each run to
check the precision of the instrument. It was scanned several times until the
maximum intensity of the 330 nm band agreed within +/= 0.5%. At this point, the
total area under the emission curve was recorded and analysis began. Because all of
the fluorescence experiments were not carried out on the same day or at the same
temperature, this "standardization
procedure"
served to normalize the data. When data
analysis was performed, the area under the peak following the addition of each aliquot
was divided by the initial area under the signal from pure 2.2659 x
10"
M
polystyrene. In this way, a percentage of the change in signal could be plotted and
each individual experiment could be compared with any other.
An aspect of the experiments that needs to be addressed involves the
introduction ofpolystyrene groups into the sample each time an aliquot of a modified
114
copolymer is added. Because all of the quenching, functionalized copolymers
concernedwith this study contain a high number of styrene groups, each addition of
the quenching species will add a certain amount of signal to the existing sample. In
order to account for this fact, and to obtain true values that correspond to the
quenching ability ofmodified copolymers under scrutiny, it was necessary to perform
a study ofhow the pure, unmodified copolymers affected the fluorescence signal of
2.2659 x 10"2 M polystyrene. To these ends,
10"4
M pure
50/50*
and
10"4 M pure
92/8 solutions were added in 125 ul aliquots to the polystyrene solutions. The
normalized values obtained from these studies were used to correct the data gathered
after the addition of the modified copolymers. This was done by dividing the
normalized area of each signal by the corresponding normalized signal of the
unmodified copolymer after each particular aliquot addition. Consequently, the Stern-
Volmer plot can be expected to be linear (fjfis the result of the procedure just
described). A sample calculation is found in Appendix V.
After the first aliquot of sample was added, a cover was placed on the cuvette
and the solution was allowed to stir for approximately 30 seconds. Because a cuvette
cover was used in each analysis, volume loss throughout each experiment can be
assumed to be negligible. This assures that no quenching of the signal will be taking
place due to changes in the concentration of the sample being analyzed. (The figures
*
Moles based on anhydride groups
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presented contain linear regression lines of the data points under consideration, along
with the actual data points as symbols.)
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Polystyrene Concentration Study
Figure 25 is the calibration plot for the addition ofpure polystyrene to itself at
241 nm, while Figure 26 contains the calibration plot for the addition ofpure
polystyrene to itself at 276 nm. The regression equations for these two lines were
determined using SigmaPlot , and these equations were used in QuatroPro to
construct the plots. These plots demonstrate the concentration quenching of the
polystyrene fluorescence signal that was discussed in the Introduction. Notice in each
of the plots, the higher the concentration gets, the more pronounced the effect
becomes.
In comparing the two plots ofFigures 25 and 26, notice that at an excitation of
241 nm, the signal is being quenched by the addition ofmore polystyrene, while at an
excitation of 276 nm, the signal increases. This is explained by understanding that the
extinction coefficient, s, which is the constant ofproportionality in Beer's law (A
=
sbc, where A is absorbance, b is pathlength, and c is the molarity of the absorbing
species), is much larger for the excitation at 241 nm than it is for the excitation at 276
nm. This means that the concentration for maximum signal at an excitation of 241 nm
is much smaller than the concentration for maximum signal at an excitation of276
nm. This is a direct result of the S2 excited state reached from the excitation at 241
nm having a longer lifetime, and thus more energy dissipation pathways,
than the Si
117
Figure 25
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excited state reached from the excitation at 276 nm. At the concentrations studied, the
signal at 241 nm has already reached its maximum and is decreasing, while the signal
at 276 nm has not yet reached its maximum and is still climbing.
THF Studv: LowMolecular Weight (241 nm)
Figure 27 is a comparison of the styrene fluorescence signals obtained by
adding 125 ul aliquots of
10"4
M pure
50/50*
and pure
75/25*
to pure UV/Vis grade
THF. At 241 nm, as previously stated, an S0 > S2 promotion is taking place. Pure
UV/Vis grade THF exhibits little signal (approximately 20 to 30 intensity units in
height) at this excitation wavelength and in this emission range. The figure illustrates
that both signals increase significantly as a result of these additions, with pure 75/25
increasing the signal to a greater degree than pure 50/50. This is an expected result
because the pure 75/25 copolymer contains almost 25% more styrene groups than
does the 50/50 copolymer. These extra styrene groups are excited and eventually
fluoresce, therefore, this larger signal is justified.
Overall, both signals are comparable to each other, give linear plots, and
show relatively very small signal increases. These signal increases are so
small
*
Moles based on anhydride groups
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Figure 27
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because there are very few styrene groups being added per anhydride group, and
intramolecular quenching of the styrene groups by carbonyls is very affective.
Quenching of the styrenes'emission energy is not the only process at work here:
excitation energy that should be exciting electrons in the styrene groups is being
directly absorbed by the carbonyls, as well.
THF Study: LowMolecular Weight (276 nm)
Figure 28 is a comparison of the styrene fluorescence signals obtained by
adding 125 ul aliquots of
10"4 M pure 50/50 and pure 75/25 to pure UV/Vis grade
THF. At 276 nm, as previously stated, an S0 -* Sx transition is taking place. Again,
pure UV/Vis grade THF exhibits little signal at this excitation wavelength and in this
emission range (approximately 20 to 30 intensity units in height). Figure 28 shows the
pure 50/50 signal increasing noticeably, while the pure 75/25 signal shows no
increase with increasing concentration. This may seem surprising because one would
expect the pure 75/25 signal to show a significant increase because of its greater
number of styrene groups, while the pure 50/50 would be expected to show a
small
increase. However, there are other factors that need to be considered. The pure
50/50
species is amore rigid copolymer than is the pure 75/25 species, and because
of this
122
Figure 28
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fact, it can undergo fewer vibrations and rotations than can the pure 75/25. It
subsequently has less processes available to it throughwhich to disperse its excitation
energy, and more of this excitation energy must therefore be released through
fluorescence. As for the pure 75/25, its signal does not increase because of its ability
to diffuse its absorbed excitation energy by means other than fluorescence. This is a
characteristic of the more flexible chains that are present in the 75/25 sample.
Overall, both signals are comparable to each other, considering the actual
amount that the 50/50 signal is increasing. These signal increases can also be said to
be affected by the intramolecular quenching of the styrene groups by anhydride
carbonyls.
THF Study: High Molecular Weight (241 nm)
Figure 29 is a comparison of the affect that pure 86/14 and pure 92/8 have on
UV/Vis grade THF at an excitation wavelength of 241 nm. It can be seen that both
samples increase the original signal by an enormous amount, and this is to be
expected because of the large number of styrene groups that are present in each pure
sample. The pure 86/14 shows amarkedly larger signal increase than does the pure
92/8, which can be accounted for by the argument presented in the discussion of
Figure 28. To reiterate, the two factors that need to be taken into account are the
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number of styrene groups and the flexibility of the chains. Pure 92/8 may have more
styrene groups that can fluoresce, but it is also amore flexible chain than the 86/14,
and therefore can dissipate its excitation energy inmore ways.
THF Studv: High Molecular Weight (276 nm)
Figure 30 is a comparison of the affect that pure 86/14 and pure 92/8 have on
UV/Vis grade THF at an excitation wavelength of276 nm. The two lines are right on
top ofeach other and both increase the fluorescence signal by an appreciable degree.
The reason that the two pure species behave so similarly is because the increased
number of styrene groups that the pure 92/8 sample contains is almost completely
canceled out by the greater flexibility of the 92/8 chains. It therefore looks much like
the pure 86/14 sample. Where there was a significant difference in the two at 241 nm
(Figure 25), there is now no difference. Again, this is because at Sj , the pure 92/8 has
less chance to undergo vibrations and rotations to rid itselfof its excitation energy.
More of its energy is now being lost through fluorescence, and thus, the signal
behaviormirrors that ofpure 86/14.
There is a visible difference in the way that highmolecular weight and low
molecular weight copolymers affect the fluorescence signal ofpure THF. The low
molecular weight copolymers increase the signal ofTHF very little because of the
126
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small difference between the number of styrene and anhydride groups added.
Conversely, the high molecular weight copolymers increase the observed signal quite
substantially because of a large difference between the number of styrene and
anhydride groups added.
Pure Comparison (241 nm)
Figure 31 is a comparison of the affect that adding pure 50/50 and pure 92/8
has on the signal of 2.2659 x 10"2 M polystyrene at an excitation of 241 nm. Both
signals are raised in intensity, but clearly the addition ofpure 92/8 has a much greater
affect on the signal: it increases the signal by almost 18%, while pure 50/50 only
increases the signal by approximately 3%. This can be attributed to the difference in
concentration quenching that is occurring at these particular molarities. In the pure
50/50 case, the styrene signal is being diluted because more anhydride groups than
styrene groups are being added with each aliquot. And again, not only are the
carbonyls quenching the emission energy of the styrene groups, they are also
absorbing some of the excitation energy intended to excite the styrene groups.
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Pure Comparison (276 nm)
Figure 32 is a comparison ofwhat the affect of adding pure 50/50 and pure
92/8 has on the signal of 2.2659 x 10"2 M polystyrene at an excitation wavelength of
276 nm. A peculiar result is obtained from this analysis, in that the signal increases
after the addition ofpure 92/8, as expected, but the signal decreases after the addition
ofpure 50/50. This outcome can be explained by considering the UV/Vis results
discussed earlier. It was observed that carbonyls of the anhydrides and imides were
absorbing through a broad bandwith a Xmax around 290 nm. It follows that when the
fluorimeter is exciting at 276 nm, much of this excitation energy is consumed by the
carbonyl groups present in the solution. This affect is accented with the 50/50 species,
which has a large number of carbonyl groups and the fewest styrene groups: amajor
quenching of the fluorescence signal can therefore be expected. This happens to a
greater extent at an excitation of276 nm than at an excitation of241 nm because the
carbonyl absorption band has greater overlap with the 276 nm wavelength than it does
with the 241 nm wavelength. The signal for the pure 50/50 decreases due to a dilution
effect.
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50/50 Comparison (276 nm)
Figure 33 is a demonstration of the quenching abilities of the modified
copolymers. Each of the figures that follow have their y-axis labeled
"corrected/normalized emission" because they have had their initial data points
altered. This was necessary in order to take into account that with each aliquot added,
a certain number of styrene groups were added as well. The added styrene groups may
increase the original fluorescence signal and may ultimately reduce the apparent
affect of the quenching species. Each area was therefore adjusted to account for this
increase in signal. See Appendix V for the calculations.
In Figure 33, the quenching ability of 50/50 4-nitro and 50/50 4-phenyl are
compared at an excitation wavelength of276 nm. Both functionalized copolymers are
effective at quenching the polystyrene signal, but the 50/50 4-phenyl, by dropping the
signal by 50%, is a slightly better quencher than is the 50/50 4-nitro, which reduces
the signal by about 40%.
92/8 Comparison (276 nm)
Figure 34 compares the quenching efficiency of the two modified 92/8
copolymers at an excitation wavelength of276 nm. 92/8 4-nitro has a rather trivial
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affect on the polystyrene signal, only dropping the signal about 5%, while the 92/8 4-
phenyl copolymer quenches the signal quite significantly, resulting in a drop of
almost 35%.
4-Nitro Comparison (276 nm)
Figure 35 compares the quenching ability of 50/50 4-nitro, 92/8 4-nitro, and 4-
nitroaniline at an excitation wavelength of276 nm. The results indicate that the 50/50
4-nitro species is the most efficient quenching species: it decreased the signal by
almost 50%. The pure 4-nitroaniline dye was second in efficiency: it reduced the
signal by 30%. The 92/8 4-nitro sample proved to be a very inefficient quencher,
decreasing the signal by only about 10%. It is hypothesized that the 50/50 4-nitro is a
better quencher than the pure dye because the imide form of the dye is a better
quencher than the amine form of the dye. However, further research needs to be
performed in this area.
Figure 35
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4-Phenvl Comparison (241 nm)
Figure 36 contains a comparison of the quenching ability of 50/50 4-phenyl,
92/8 4-phenyl, and 4-phenylazoaniline at an excitation wavelength of241 nm. The
results indicate that the 50/50 4-phenyl species is the most efficient quenching
species: it decreased the signal by almost 50%. The pure 4-phenylazoaniline dye was
second in efficiency: the signal was reduced by about 30%. The 92/8 4-phenyl sample
was the least effective quencher, decreasing the signal by approximately 20%. Again,
note that the attached dye (50/50) is a better quencher than the free dye because the
imide form of the dye is more effective than the amine form of the dye.
4-Phenyl comparison (276 nm)
Figure 37 is another comparison of the quenching efficiency of 50/50 4-
phenyl, 92/8 4-phenyl, and 4-phenylazoaniline, only now the excitation wavelength is
276 nm. This figure looks very much like figure 36, however, the affects that each
species have on the original signal are more similar. Again, 50/50 4-phenyl is the
most effective species, quenching around 50% of the signal. 4-phenylazoaniline was
the secondmost effective; it quenched approximately 40% of the signal. Likewise, the
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Figure 37
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92/8 4-phenyl was able to quench around 40% of the original polystyrene signal.
Once again, the imide form of the dye has better quenching ability than the amine
form of the dye.
4-nitro. 4-phenyl Comparison (276 nm)
Finally, the last fluorescence figure, Figure 38, is a comparison of the
quenching efficiency of the two dyes at an excitation wavelength of276 nm. Here it
can clearly be seen that the 4-phenylazoaniline is the better quencher of the two. Pure
4-phenylazoaniline quenches the polystyrene signal down to 60% of its original
value, while pure 4-nitroaniline reduces the signal by approximately 30%. The nature
of this difference may involve the fact that there exists an absorption band at 290 nm
for the 4-phenyl samples, but not for the 4-nitro samples. This will be the subject of
further research.
Figure 38
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CONCLUSION
The modification ofvarious poly[styrene-co-(maleic anhydride)] copolymers
(50/50, 75/25, 86/14, and 92/8) with 4-nitroaniline and 4-phenylazoaniline has been
performed using an efficient and simple procedure developed in this study. The
products were collected using processes suited to the polarity and molecular weight of
the initial starting materials. Characterization techniques used to evaluate the success
ofmodification indicate that the lowmolecular weight copolymers were
functionalized to an appreciable degree (between 50 and 70 % incorporation), while
the high molecular weight copolymers were modified with limited success
(approximately 10% and lower incorporation). However, the increased percent
incorporation demonstrated by the lowmolecular weight copolymers came with a
price: these copolymers exhibit properties that are inconsistentwith those of
polystyrene. A decrease in these
samples'
glass transition and decomposition
temperatures is quite evident. In contrast, the highermolecular weight modified
copolymers demonstrate polystyrene-like thermal properties and glass transition
temperatures.
Initial fluorescence experiments indicate that the ability of each modified
copolymer to quench the emission signal ofpolystyrene is significant.
4-
phenylazoaniline is the more efficient quencher of the two dyes, while the 50/50
142
modified samples are more efficient quenchers than 92/8 modified copolymers.
Therefore, taking into account its minimal loss in properties and adequate quenching
efficiency, 92/8 4-phenyl is recommended for future use in phase separation studies.
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APPENDIX T
Calculations for the determination of reactant quantities
9 0
Need 1.0 x
10"
moles of dye reacted with 1.0 x
10"
moles ofpolymer
anhydride groups. The following sample calculation is carried out using 92/8
poly[styrene-co-(maleic anhydride)] and 4-nitroaniline.
Maleic anhydride is abbreviatedMA.
Molecularweight is abbreviatedMW.
Determine the moles of styrene present with 1.0 x
10'
moles ofMA.
moles of styrene = (0.92)(moles ofMA)/(0.08)
moles of styrene = (11 .5)(moles ofMA)
moles of styrene = (1 1 .5)(1 .0 x
10"2
moles ofMA)
moles of styrene = 0.1 15
Find the total mass of the copolymer needed.
Total mass of the copolymer =
(moles ofMA)(MW ofMA) + (moles of styrene)(MW of styrene)
Total mass of the copolymer =
(1.0 x
10"2
moles)(98.06 g/mol) + (0.1 15 moles)(104.15 g/mol)
Total mass of the copolymer = 12.94 grams
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Determine the mass of 4-nitroaniline needed.
mass of4-nitroaniline = (1.0 x
10"
moles)(138.13 g)
mass of4-nitroaniline = 1.38 grams
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Calculations for the preparation of fluorescence solutions
Need to prepare a 1 x 10"4 M solution based on dye. The following sample
calculation is carried out using 92/8 4-nitro. Refer to elemental analysis Tables 6 and
7 (pp 69 and 70) for percent incorporations.
92/8 poly[styrene-co-(maleic anhydride)] was determined to actually be 93/7
poly[styrene-co-(maleic anhydride)] .
7.4 % of available maleic anhydride groups reacted.
Determine percentage of the copolymer that is imide.
% of the copolymer that is imide =
(% incorporated)(% of the copolymer that is MA)
% of the copolymer that is imide = (0.074)(0.07)
% of the copolymer that is imide = 0.518 %
Determine the factor thatwill furnish 1 .0 % dye.
x = (1.0%)/(0.518)
x= 1.931
150
Determine the factors for mass determination.
For styrene:
a = (x)(% of the copolymer that is styrene)
a = (1.931)(0.93%)
a =1.7958
For 4-nitroaniline:
b = (x)(% of the copolymer that is 4-nitroaniline)
b = (1.931)(0.5 18)
b = 0.01
For MA:
c = (x)(% of the copolymer that is MA)
c = (1.93 1)(0.06482*)
c = 0.1252
*Where:
% of the copolymer that is MA =
(% that remains unmodified)(original % of the copolymer that was MA)
% of the copolymer that is MA = (0.926)(0.07)
% of the copolymer that is MA = 0.06482
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Determine the mass of the copolymer containing 1 % (mol) of dye.
mass of the copolymer containing 1 % dye =
[(a)(MW of styrene) + (b)(MW ofpoly[styrene-co-(n-(4-nitrophenyl) maleimide)]) +
(c)(MW ofMA)](100.0 %)
mass of the copolymer containing 1 % dye =
[(1.7958)(104.1512) + (0.01)(220.18) + (0.1252)(98.06 )](100.0%)
mass of the copolymer containing 1 % dye = 20,151 grams
Determine the mass ofmodified copolymer needed for a 1 x 10 M solution.
20,151 grams = 1 mol
mass needed = (20,151 g/mol)(l x
10"4
mol/L)
mass needed = 2.0151 g/L
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Calculations for the determination of the percent composition of the copolymers
Minimize the difference between the actual percent composition (obtained
from elemental analysis) and the theoretical percent composition.
Styrene fraction is abbreviate St.
Optimized variable of the conversion of anhydride groups is abbreviated An.
Mass of carbon in a styrene group is abbreviated CSt.
Mass of carbon in an anhydride group is abbreviated CAn.
Mass of carbon in a nitro group is abbreviated CN.
Total mass of the styrene group is abbreviatedMass St.
Total mass of the anhydride group is abbreviatedMass An.
Total mass of the nitro group is abbreviatedMass N.
Find the actual percentage ofCarbon in 92/8 4-nitro.
Actual percentage ofCarbon in 92/8 4-nitro
=
(St)(CSt) + (1 - St)[(l - An)(CAn) + (An)(CN)]/
(St)(Mass St) + (1 - St)[(l - An)(Mass An) + (An)(Mass N)](100)
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Actual percentage ofCarbon in 92/8 4-nitro =
(0.930)(96.09) + (1 - 0.930)[(1 - 0.675)(48.04) + (0.675)(72.066)]/
(0.930)(104.15) + (1 - 0.930)[(1 - 0.675)(98.06) + (0.675)(138.13)](100)
Actual percentage ofCarbon in 92/8 4 -nitro = 89.32 %
Determine the minimized error.
Theoretical percentage of carbon in 92/8 4-nitro = 89.21
Actual percentage of carbon in 92/8 4-nitro = 89.32
Error = [((theoretical -
actual)2/ actual)Carbon + ((theoretical -
actual)2/ actual)Hydrogen
((theoretical -
actual)2/ actual)Nitrogen + ((theoretical - /
actual)0xygen]H
Error = [((89.21 - 89.32)2/(89.32)) + ((7.35 - 7.35)2/(7.35)) +
((0.14 - 0.14)2/(0.14)) + ((3.30 -
3.19)2/(3.19))j*
Error = 0.035
+
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Calculations for the determination of the percentage of styrene to maleic
anhydride in the original copolymers using NMR
The peak areas fromNMR analysis were used to check the composition
percentages of the copolymers. The following sample calculation is carried out using
the spectrum ofpure 86/14. Refer to Figure 51, Appendix VII. Signals not due to
aromatic or aliphatic hydrogens have been subtracted out.
Peak area (from 0.5 to 4 ppm) due to aromatic hydrogens = 10.0
Peak area (from 5 to 9 ppm) due to aliphatic hydrogens
= 10.9
There are 5 hydrogens from the styrene ring, 2 hydrogens from the maleic
anhydride, and 3 hydrogens from off of the backbone of the copolymer.
Determine the fraction of the copolymer that is styrene.
f= the fraction of the copolymer that is styrene.
b = (the aliphatic peak area)/(the aromatic peak area)
b = (8.45 cm)/(12.9 cm)
b = 0.655
f=(2)/[(5)(b)-l]
f=(2)/[(5)(0.655)-l]
f= 0.879
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Calculations for correcting fluorescence peak areas
In order to account for styrene group addition when comparing the quenching
efficiency ofdifferent samples, fluorescence peak areas had to be corrected. The
following sample calculation is carried out using 92/8 4-nitro and pure 92/8 data.
Refer to Appendix VIII for pure 92/8 data.
TABLE 10
FLUORESCENCE-QUENCHING OF 92/8 4-NITRO AT 276 nm
CONCENTRATION AREA
0.00 23986.839
4.00xlO'6M 23769.351
7.69xlO"6M 23429.050
LllxlO"6M 23196.538
1.43xlO"6M 22988.843
1.72xlO"6M 22845.207
The 4.00 x 1 0
"
M concentration will be used as an example.
At a concentration of4.00 x 1 0
"6
M, pure 92/8 has an area of24305 .437 and a
normalized area of 1 .01 1 833 (276 nm).
Pertinent regression output: slope = 1 .0002735
X coefficient = -5998.813
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Normalize the area.
normalized area (NA) = (area at 4.00 x 10 '6 M)/(area ofpure 1 x 10 "5 M polystyrene)
NA = (23769.35 1)/(23986.839)
NA = 0.990933
Correct for added signal due to the addition of the styrene groups in the 92/8 4-nitro.
Corrected signal (CS) =
(NA)/(the normalized area ofpure 92/8 at a concentration of 4.00 x 10 "6 M)
CS = (0.990933)/(1.011833)
CS = 0.979344
Obtain the regression output for the plot ofCS vs. concentration.
Use the regression equation to obtain new y values.
y = 1.000273 + (concentration)(-5998.81)
y = 1.000273 + (4.00 x 10
"6
M)(-5998.81)
y = 0.976278
This is the y-value that is now plotted vs. concentration.
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FT-IR SPECTRA
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Pure 86/14 Proton NMR Spectrum
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Fluorescence Raw Data: Concentration vs. Area
Figure 52
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92/8 pure(276)
cone. area
0 24021.19
4E-06 24305.44
7.69E-06 24665.4
1.11E-05 24922.27
1.43E-05 25158.96
1.72E-05 25469.58
92/8 4-nitro(276)
cone. area
0 23986.84
4E-06 23769.35
7.69E-06 23429.05
1.11E-05 23196.54
1 43E-05 22988.84
1.72E-05 22845.21
92/8 4-phenyl(276)
cone. area
0 23778.73
4E-06 21922.61
7.69E-06 20534.25
1.11E-05 19342.43
1.43E-05 18305.25
1.72E-05 17269.92
92/8pure(241)
cone. area
0 28647.03
4E-06 29731.15
7.69E-06 30393.24
1.11E-05 31186.11
1 .43E-05 32645.95
1.72E-05 33400.51
92/8 4-phenyl(241)
cone. area
0 21503
4E-06 20888.53
7.69E-06 20174.29
1.11E-05 20148.79
1 .43E-05 20065.07
1.72E-05 19686.06
50/50 pure(276)
cone. area
0 24136.96
4E-06 23932.4
7.69E-06 23781 .99
1.11E-05 23574.94
1 .43E-05 23278.75
1 .72E-05 23050.39
50/50 4-nitro(276)
cone. area
0 24211.96
4E-06 21216.03
7.69E-06 18539.29
1.11E-05 16572.32
1.43E-05 14832.88
1.72E-05 13396.55
50/50 4-phenyl(276)
cone. area
0 24209.41
4E-06 19793.78
7.69E-06 16570.74
1.11E-05 14203.7
1.43E-05 12355.1
1.72E-05 10854,13
50/50 pure(241)
cone. area
0 31660.69
4E-06 31832.42
7.69E-06 31869.22
1.11E-05 32172.41
1 .43E-05 32421 .05
1.72E-05 32613.06
50/50 4-phenyl(241)
cone. area
0 21218.38
4E-06 18114.03
7.69E-06 15459.62
1.11E-05 13480.49
1.43E-05 12011.52
1.72E-05 10690.31
4-nitroaniline(276)
cone. area
0 24263.9
4E-06 22204.66
7.69E-06 20462.71
1.11E-05 19117.32
1 43E-05 1 8082.58
1.72E-05 16906.26
THF+ 92/8 pure(276)
cone. area
0 384.247
4E-06 1641.902
7.69E-06 2773.932
1.11E-05 3853.102
1 .43E-05 4772.956
1 .72E-05 5782.464
THF+92/8pure(241)
cone. area
0 344.902
4E-06 15644.18
7.69E-06 27279.99
1.11E-05 37098.79
1 43E-05 44879.6
1.72E-05 51415.27
4-phenyl (276)
cone. area
0 24246.96
4E-06 21340.81
7.69E-06 19544.18
1.11E-05 17556.45
1.43E-05 15910.21
1.72E-05 14514.24
THF+ 86/14 pure(276)
cone. area
0 378.762
4E-06 1582.604
7.69E-06 2641.443
1,11 E-0S 3641.143
1.43E-05 4556.639
1.72E-05 5462.983
THF+ 86/14 pure(241)
cone. area
0 349.288
4E-06 22670.89
7.69E-06 40536.57
1.11E-05 50646.44
1 .43E-05 55386.52
1.72E-05 58346.39
4-phenyl(241)
cone. area
0 22038.89
4E-06 20251 .87
7.69E-06 18838.4
1.11E-05 18080.81
1.43E-05 16489.29
1.72E-05 15887.95
THF+ 75/25 pure(276)
cone. area
0 610.953
4E-06 651.014
7.69E-06 603.855
1.11E-05 624.258
1 .43E-05 628.922
1.72E-05 641.771
THF+ 75/25 pure(241)
eonc. area
0 677.853
4E-06 1016.844
7.69E-06 1183.983
1.11E-05 1442.191
1.43E-05 1673.655
1.72E-05 1905.275
(276)
THF+ 50/50 pure
cone. area
0 191.634
4E-06 219.049
7.69E-06 288.407
1.11E-05 316.456
1 .43E-05 333.795
1.72E-05 380.037
(241)
THF+ 50/50 pure
cone. area
0 255.238
4E-06 310.957
7.69E-06 391 .933
1.11E-05 485.962
1 43E-05 551 .921
1.72E-05 616.228
